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AN INTRODUCTION TO ASSET MANAGEMENT SYSTEMS

AN INTRODUCTION TO ASSET MANAGEMENT SYSTEMS

1.1 Instructional Objectives

This module introduces the fundamental principles of an asset management system that
are common to agencies managing integrated infrastructures and other industries (e.g.,
trucking and rail). The applicability of these principles to pavement management will
be presented through a systems approach. Upon completion of this module, the
participant will be able to accomplish the following:

a. ldentify the fundamental principlesinvolved in asset management.

b.  Understand the philosophy of asset management.

c. Describe theissues affecting the success of asset management today and in the future.

d.  Understand the applicability of asset management concepts to other highway issues.
Over the years, private industry has implemented management systemsto provide
guantitative and qualitative information about the agency’ s resources and the facility’s
current and future performance levels (2). These systems, referred to as an Asset
Management System (AMS) or commonly as an I nfrastructure Management System
(IMS) are being used to manage network inventories that include parking lots,
buildings, transit facilities, waterways, and utilities.

Derivimion oF AsseT Manacement Systems (AMS): Although there is no one universally accepted
definition of an AMS, these systems provide the tools that are necessary fo the
monitoring and preservation of afacility’s assets on a continuous basis to ensure the
efficient and effective use of the agency’ s available and projected resources. More
specificaly, asset management can be defined in the following way (2):

Asset management is a systematic process of maintaining, upgrading, and operating
physical assets cost-effectively.

Through the combination of sound engineering principles, accepted business practices,
and economic theory, AMS provide the tools necessary to improve the decision-making
process by providing timely information in an organized, logical, and justifiable
manner. Asaresult, an agency using Asset Management can improve the effectiveness
of its short-term decisions through an analysis of long-term impacts.

Components oF an AsseT Manacenent System: [N order for an AM S to effectively assist an agency
with the management of its assets and other resources, a system must be tailored to
match the resources and needs available. The framework of a system, however, is
fairly consistent and should be comprised of the following elements.

An inventory of assets

A method of assessing current condition or performance

A process for determining needs

Toolsto evaluate and select appropriate strategies to address the needs
Methods to evaluate the effectiveness of each strategy

1-1
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Consequently, an AMS generally contains the following:

A centralized database for storing and retrieving inventory information
Performance prediction models that permit the projection of future asset conditions

Analysistools that are customizeable to match the policies and procedures used by the
agency to identify and prioritize maintenance and rehabilitation needs

Reporting tools that provide avariety of informative reports, including detailed reports,
summary reports, and graphics

These elements are identical to the components of a pavement or bridge management
system; the variations occur in the types of assets being managed, the models used to
analyze the conditions, and the approaches used to determine needs.

Goats anp Ossectives of Asse Manacevent: 1N Both public and private agencies, one of the
primary functions of a management system is to assist the agency with its decision-
making through processes designed to improve the flow of information and assist in
evaluating current and projected preservation strategies. Unfortunately, improvements
in decision-making are very difficult to identify and quantify, so agencies frequently
find it difficult to demonstrate the effectiveness of these systems. Improvementsin
transportation system performance or improved profitability for a private agency are
more demonstratable measures of the success of these systems than the nebulous
improvements in decision making or improved communication of data.

Because of the difficulty in measuring the effectiveness of an AM S, many agencies
have identified goals for their management systems that specifically include items
whose improvement can be quantified. Additional benefits provided by the system,
while not specifically stated as goals, are gained through the effective use of the
management system but are not frequently documented through case studies.

In order to achieve the goals set out by the agency, specific objectives must be stated
that provide a means of achieving the goals. In general, the objectives should be
measurable although that is not always possible. The objectives stated by private
industry are perhaps more clearly quantifiable than those of governmental agencies due
to their need to remain competitive and profitable and their detachment from many
political and governmental constraints. A recent seminar on asset management
identified the following quantifiable objectives from an AMS (2).

Enhanced knowledge of inventory and asset value

Development of links that tie resource allocations to savings from replacement
Establishment of standardized processes and protocols

Consideration of life-cycle costing in the decision process

The same reference (2) also identified several agency objectives that would be difficult
to quantify. These include the following items.

Recognition of data as a corporate asset

Creation of a sense of ownership in assets by corporate managers and operators
Improved credibility in decisionmaking

Encouragement in processes that have managers think globally, but act locally
Improvements in teamwork, communication, and training
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Overall, these objectives are designed to achieve the overall goal of providing the
decision-makers access to the data they need to more efficiently and effectively manage
the facility’ s current and future performance. As can be seen by areview of the
objectives listed above, the attainment of this goal requires the coordinated application
of avariety of technical principles, including engineering, planning, economics, and
budgeting. It also requires the involvement of individuals from all levels of the
organization, such as equipment operators, foremen, managers, owners, and
stockholders. For governmental organizations, it also requires buy-in from individuals
in anumber of different divisions, such as maintenance, planning, and research. Itis
this cooperative involvement that sets an effective implementation apart from aless
effective one.

Benerits To Using an AsseT Manacement System: COFpOrations practicing asset management report
that the systematic approach to managing its facilities is necessary to stay competitive
in today’s environment. Asaresult, the use of these systemsiis viewed as a necessity
rather than an optional activity; largely because of the benefits gained by the
organization. Some of the benefits realized by these organizations are listed below (2).
In general, these benefits provide improvements to the type and flow of information
used in the decisionmaking process or effect the productivity and cost-effectiveness of
the organization.

Improvements to program quality

Improved information and access to the information

Facilitates the economic assessment of various tradeoffs

Provides improved documentation of decisions

Provides improved information on return on investment and value of investments
Reduces both short- and long-term costs

Regardless of the type of agency using the management system, it will be most
successful in obtaining benefits if the following attributes are addressed through the
system (2).

It establishes a common understanding of performance measures and criteria

It provides understandabl e results in a user-friendly environment

It is customer-focused and mission-driven

It is accessible at many levels within the organization

It is flexible enough to be able to accommodate change within and outside the organization
It islinked to the technical analysis, decisionmaking, and budgetary processes

It facilitates the education of users and decision-makers

Consequences oF Poor Asser Manacement: AS discussed in the previous section, it is often
difficult to document the benefits derived from the implementation of an AMS. Itis
less difficult to find examples of agencies and assets that could have been better
managed if a structured decisionmaking process had been in place. One of the most
obvious examplesis the collapse of the Silver River Bridge on December 15, 1967
during rush hour traffic (11). Based on varying reports from witnesses, the entire
bridge collapse occurred within less than 30 seconds resulting in 46 deaths and 9
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injuries. Around this time period, a number of bridges across the nation also failed,
prompting Congress to madate a National Bridge Inventory (NBI) to identify the
structural and functional adequacy of all bridges on the nation’s highways; information
not previoudly collected. Using the inventory information, several states began the
development and implementation of bridge management systems.

There are other examples as cited in Ref. (11). The Miami-Dade Water Sewer
Department in Dade County, Florida provide an excellent example of a public works
agency that suffered due to the lack of information. In 1973, a metropolitan water and
sewer agency was established for the area. The agency was comprised of about 30
smaller systems and received federal money to bring all of the systems into compliance
with existing standards. Instead, the Department used the funds for capital expansion
projects enabling them to retain low water and sewage rates for the public. Asaresult
of this decision, maintenance activities were inadequately funded, leading to infiltration
and inflow. The outdated designs used in the systems |led to widespread cavitation. In
the late 1980s, this eventually led to system-wide deterioration, culminating in the
collapse of a sewer pipe under the Miami River in 1992. The collapse, combined with
the frequent overflows caused by the infiltration and inflow, caused raw sewage to spill
onto roadways and into the Miami River and other bodies of water.

A similar event took placein Chicago, Illinoison April 13, 1992 when afreight tunnel
running under the Chicago River ruptured, causing 250 million gallons of water into
the tunnel system. Over 400 businesses flooded, causing many of them to shut down
for aweek or more, resulting in damage estimates of over $1 billion dollars. In this
instance, city information provided to a company pounding piles near the tunnel
showed no record of any tunnelsin the area. The city engineer in charge of monitoring
the piling job never made a final inspection, which could have aerted the city to the
problem prior to the collapse, because he was unable find a parking place close to the
site.

Transportation systems are also affected by poor asset management. The deterioration
of aroad network frequently leadsto alower level of comfort for passengers, possibly
alower rate of acceptable traveling speed, and increased operating expenses for
vehicles traveling on the road system. Further, these factors influence the efficiency
and cost-effectiveness of other industries such as shipping companies or other transport
agencies.

The number of examples of poor asset management is overwhelming. It isinteresting
to note, however, that each of the examples presented in this section could have ended
much differently had an effective AMS been in place.
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1.3 Framework for Asset Management

Asset management involves the development and implementation of structured
processes to improve the decision-making capability of an agency. Without question,
processes and procedures can be developed to manage any type of asset independently,
or agroup of assets making up afacility. The types of assets being managed, the
organization using the system, and the resources available all have atremendous
influence on the level of sophistication of the system and the types of models used to
assist in the decision-making process.

Although the AMS will vary due to the factors discussed previously, aframework for
the system can be described. Agencies have found the most success with systems that
are developed with modularity in mind so that modules of the system can be updated
and replaced as technology changes or if other factors influence that portion of the
system. Figure 2.1 presents asimplified representation of the framework.

Figure 1.1 This figure represents the framework for a management system.

Asset

Inventory .
4 Cora Andlysis

L ocation/

Asset

Referencing :
Systems Report Modules
Graphics - Summaries - Map Links

A brief overview of each of the major componentsis provided in the following
sections.

Asser Inventory System: 1N Order to manage a group of assets, it isimperative that the agency
know which assets are included and conduct an inventory of the basic characteristics of
the assets. It isalso critical that the condition of the assets be recorded through an
objective rating system and the age of the asset be estimated as closely as possible.

Location/AsseT Rererencive Systews: [N order to manage the assets of an organization, it is
imperative that the location of each asset be identified. In atransportation agency, this
means the development of alocation referencing system that ties segments of the
facility to ageographical location. In aprivate-sector industry, this could mean
establishing the location of many geographically separated parking lots, establishing
referencing systems for buildings, or setting identifiers for equipment.

Central Damasase: | NfOrmation about the assets is stored in a central database that provides
access throughout the organization. To be most effective, the database should
centralize the storage of asset information and facilitate the handling of datain an
efficient manner. A centralized database eliminates the need for the maintenance of
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separate databases for different types of information although databases that extract
information from the central database for analysis may be useful.

AnaLvsis Mooues: One of the most important functions of a management system is the
ability to analyze data so that various scenarios can be evaluated and effective short-
and long-term decisions can be made. To facilitate that analysis, modules must be
developed that can forecast future asset conditions and conduct multi-year analysisto
compare the impacts of various scenarios. The analysis should include modul es that
effectively allocate resources to different types of expenditures, such as maintenance
and rehabilitation in a transportation agency. Agencies with a number of different
types of assets, such as a city managing several infrastructure components, may aso
require modules that compare and contrast expenditures on one type of asset over
another.

ReporTing Moputes: T he information contained in the database, and the results of the
analysis, are only useful if the information can be conveyed to the user in a user-
friendly format that matches the users needs. Today, management systems make use of
graphical reporting features that convey important information in a manner that can be
assimilated quickly.

Some agencies have linked their management systems to geographical information
systems (GIS) that visualy display information on agency maps. These systems are
very useful for linking and displaying different types of information.

1.4 Issues in Asset Management

In order to remain competitive in industry today, private-sector agencies find that the
use of asset management systemsisimperative. Many highway agencies, although
interested in the capabilities of management systems, find that the full capabilities of
these systems are not being fully utilized for a number of reasons. Some of the reasons
given for a highway agency not using the capabilities of a management system include
the following (10).

The presence of a management philosophy that adheres to a worst-first policy
Outside influences that strongly influence the allocation of resources

A tremendous backlog of needs that the agency wants to address before considering more
cost-effective solutions that may place a heavy emphasis on maintaining assetsin good
condition

In some highway agencies, management systems are not successful due to alack of
cooperation and coordination between system users. Asaresult, agencies may find a
number of separate databases being maintained, with several common data elements
which could have been shared. Thisleads to duplication of effort, the potential for
different data being used by different divisions, and often leads to differing referencing
systems for identifying assets.

Even highway agencies that have been successful in implementing the philosophy of
asset management within their organizations face challengesin order to keep the
systems current and the data relevant to existing conditions. For these reasons, it is
imperative that each agency develop a process for periodically reviewing the models
used by the management system for identifying and recommending actions,
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incorporating new technology, and measuring the effectiveness of the system. Areas
found to be ineffective or non-representative should be replaced with more appropriate
models. Thisismost easily accomplished with modular systems that do not require the
entire system to be replaced as modifications are required.

HuroLes To Asset Manacevent: 1N @ddition to the technical and agency issues that have already
been discussed, there are a number of challenges that both private- and public-sector
agencies must consider carefully while planning the implementation of an AMS. These
hurdles entail a number of different areas, such as those listed below.

Technical hurdles

Ingtitutional (agency) hurdles

Implementation hurdles
Each of the different types of hurdles will be introduced and discussed briefly in the
following sections.

Technical Hurdles: N previous sections of this module, the importance of designing a
management system to match the decision making process within the organization has
been emphasized. This affects the success of the implementation in a number of ways.
First, the system must be able to match the needs of the various system users by
providing the types of information each user needs in aformat that matches the level of
detail required. This factor influences the level of sophistication of the system and the
models used to assess conditions, forecast future conditions, identify needs, and
produce optimized programs for various budget scenarios.

The system must aso be flexible enough to accommodate changes; both changesin
technology and changes in practices and procedures. These changes must be
incorporated without rendering the entire system unusable, once again emphasizing the
importance of amodular development.

It is aso imperative that the agency develop processes that permit the eval uation of
system effectiveness through feedback loops that compare actual practices to the
system models. These processes could be used to compare the actual service of life of
aparticular asset to the performance models incorporated into the management system.
If the feedback loops demonstrate that any of the models are inaccurate or in need of
updating, the appropriate changes should be made in order to provide an acceptable
level of effectivenessin the recommendations.

Institutional (Agency) Hurdles: A technically sophisticated management system can only be
effective within an organization that gives credance to the recommendations from the
management system. This requires that the agency support the development,
implementation, and on-going support of the management system from top-level
management throughout the entire organization. It is difficult to maintain thislevel of
support from top management without demonstrating the success of the system to help
the agency better manage its assets through increased profits or higher levels of asset
conditions. Thisis especialy difficult in the public sector where agencies are often
heavily influenced by political appointees and elected officials who place more weight
on short-term sol utions than long-term objectives.

1-7




AN INTRODUCTION TO ASSET MANAGEMENT SYSTEMS

In severa agencies, pavement management devel opment efforts suffered because of the
lack of coordinations between individual users of the pavement mangement system.
Thislack of coordination between functions becomes even greater within agencies
responsible for the management of a number of assets previously managed using
separate tools. For example, pavements may have been managed using a pavement
management system, bridges managed using a bridge management system, and signs
managed with yet another system. Undoubtedly, each system required afull inventory,
condition assessment, database, and analysistools.

Today’ s management systems are capable of managing each of these different
infrastructure components through a more comprehensive and coordinated systemic
process. Thisrequires that individuals from throughout the organization participate
together in system development meetings to ensure a more integrated approach to
managing the agency’ s entire system. This may require some fundamental differences
in the way many agencies manage their assets, especially in the public sector. Inthe
past, turf battles often kept different types of information separated. Today, that
practice must change.

Implementation Issues: It iSimportant for agencies using management systemsto realize
that even after the system has been designed and implemented, there are on-going
effortsthat are required. One requirement is continual support in terms of resources to
continue to collect the information needed to maintain the system, update the models,
and take into account new technological changes. If any one of these aspectsis
ignored, it will not take long before the information from the system is outdated and the
confidence in the system recommendations destroyed.

It isaso important that individuals working with the management system receive
opportunities for training and technology transfer through conferences, classes,
workshops, and other means. Participation with other agencies using management
systemsis extremely beneficial for the exchange of information dealing with
implementation issues and/or uses of data. The Executive Seminar on Asset
Management sponsored by the Federal Highway Administration (FHWA) and the
American Association of State Highway and Transportation Officials (AASHTO) in
September 1996 is an excellent example of such an exchange of technology.

Future Issues: Over the past twenty years, there has been tremendous progressin the
development of management tools to assist agencies make more cost-effective
decisions based on quality data. Even so, there are a number of areas to addressin the
future to continue to enhance the capabilities available today.

From aglobal view, thereis still agreat deal of effort that can go into the development
of strategic investment analysistools. In the public sector, there are few working
examples of management systems that provide for the comparison of investing in one
asset over another or investing in maintenance strategies over capital expenditures. As
these systems become devel oped and tested, this areawill undoubtedly receive a great
deal of attention.

Thereisalso agreat deal of training that is still required among upper management,
politicians, and the public. While most people understand the importance of periodic
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maintenance to keep up the value and operation of acar, it is surprising that few apply
that same paradigm to our roads or our pipelines. Those individualsinvolved in asset
management must continue to promote the benefits as political terms end and new
management is brought on board.

Asthistraining takes place, there will be a gradual shift in the way organizations
manage their assets. Over time, agencies will focus more on the overall performance of
their assets and the return on investment from different investment strategies.
Consequently, these agencies will focus more on the best use of its assets as awhole,
rather than the management of assets as individual and separate pieces of the
organization.

This broader outlook will have atremendous impact on the individuals providing
information to management. Historically, management systems have been operated by
individuals with training or experience in the engineering and other technical fields.
With time, the skills required to operate these systems will require training in other
fields, such as business, economics, and multiple-criteria decision making techniques
(such as multi-variate analysis).

Other changes can also be expected as technology changes and the philosophy behind
management systems becomes more accepted. These changes are expected to
influence the way we work, the type of work we perform, and the basis for making the
decisions we make.

1.5 Applications of Asset Management to Transportation Systems
For over twenty years, transportation agencies have been developing and implementing

management systems to help engineers, planners, and managers make more informed,
cost-effective decisions about the infrastructure components for which they are
responsible. For the most part, these efforts have involved pavement and bridge
management systems, although integrated infrastructure management systems have aso
been developed in recent years.

To some degree, the need for transporation management systems arose out of concern
about the condition of infrastructure components. National studies on infrastructure
needs summarized the investmentsin the infrastructure that would be required in order
to maintain minimal condition levels (1). The Federa Highway Administration
(FHWA) summarized the condition of the nation’s highways and bridgesin a study
conducted in 1989. This study reported that 11% of the interstate highwayswerein
unsatisfactory condition, 15.9% of interstate highway bridges were deficient, and an
average annual investment of $25 billion was required between the years 1987 and
2005 just to maintain 1985 condition levels. Today, these estimates severely
underestimate the growing funding requirements needed in the transportation area.

As aresult of these studies, government agencies sought out methods to improve the
objectivity of their decision-making processes through systematic means of
determining existing conditions, identifying needs, and prioritizing the needs using
multi-year analysis techniques that reported the impacts of the decisions on future
conditions. Through the use of these methods, agency personnel were better able to
respond to fiscal constraints placed on agency resources.
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ConcerTs oF AsSET MANAGEMENT SYSTEMS FOR TRANSPORTATION

The concepts of asset management are very similar to the concepts used by
transportation agencies in pavement management and infrastructure management
systems. Many of the components and procedures used in asset management are
directly applicable to a transportation system, as shown in the list below (1).

The assets must be inventoried
An objective form of condition measure must be applied to determine existing conditions

Performance measures must be applied and future measures of performance must be
estimated

An integrated database that maintains data quality and enhances data access must be
available

The system is optimized as a whole rather than merely the optimization of each individual
project

The selection of strategies requires an iterative process that considers life-cycle costs and not
justinitial costs

Outputs must be in a useful format and must be readily available

These systems require a sound understanding of the inputs to the system, the way the
information is optimized, and any constraints that may limit the application of the
models. They depend on models that represent the behavior of the system and the
conditions under which maintenance and/or rehabilitation will be applied.

A number of approaches have been proposed for the broader application of these
principles to transportation agencies. One such approach (8), views a comprehensive
highway management system as a three-dimensional matrix, as shown in Figure 1-2.
The three dimensions represented by the system include the highway facilities, the
operational functions, and the overall system objectives. These dimensions are further
explained in Table 1-1.

This framework views the management of the highway as a multi-criteria decision
process in which each facility is managed in order to achieve overall system objectives.
It demonstrates the coordination and interaction issues that must be addressed for this
type of system to be used effectively.
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Figure 1-2 Three-dimensional matrix structure of a highway management system (8)
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Inherent in the application of these principles to the highway network isthe
inclusion of risk management principles. These principles permit the agency to
consider the probability that each factor used in the analysis will exist as
assumed, so that the agency can evaluate the likelihood of system optimization
under varying conditions. Risk analysis provides the agency with an overall
sense of therisk involved in following the recommended actions.

Svstems Approac anp ITs AppLication To Pavements: T hroughout the remainder of this course, the
participants will focus on the application of these principles to pavement management.
In reality, there are many similarities to the approaches being used in asset management
with those that have been used for many years in the pavement management field.

Both require the use of a systematic process to perform the following tasks (3).

Identifying the key links between one or more strategies, where investment in one strategy
(such as preventive maintenance) affects another (such as reconstruction)

Defining the various strategies for improving the effectiveness of these interactions

Evaluating and implementing the strategies to enhance the overall performance of the
transportation system

The systems model is further developed in the literature (7). The authorsin Ref. (7)
describe a process that involves defining the system elements and boundaries as well as
the agency goals and objectives. Once these elements have been defined, the agency
devel ops the system models and outlines an analysis procedure that the system will
follow. Thefina step involves the development of output formats that can be used to
convey the information contained in the system to the usersin atimely fashion.

The systematic process for pavement mangement is well documented and successfully
used in a number of organizations, as will be demonstrated throughout this course. The
approach requires a change in the agency’ s traditional way of thinking by taking into
account the availability of useful information, the ability to forecast future conditions,
and the results of an economic analysis.

Benerits ReaLizen sy Hiciway Acencies Using Asset Manacement Concerrs: Agenci es successfully
utilizing structured management systems claim to have benefitted from the use of
standardized processes for decision making. When asked to identify the benefits that
their agencies have realized through the implementation of a pavement management
system, state highway agency personnel provided the following information (9).

A systematic process that operates within the practices, policies, and constraints of the
agency
The ability to forecast future needs

A better understanding of the impacts of project timing or treatment selection on the long-
term condition of the network

These types of benefits can be generally classified as the results of improvements made
to the decision-making process through improved access to information about the
facility. There are other types of benefits that may be realized, such asimprovements
to the productivity of an agency. For example, private-sector agencies have reported
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improvements to the delivery of client services from some point in the future (say 2
days) to real time delivery (1).

In order to realize these benefits, the agency using the management system must realize
that a management system must fit within the agency in order to be useful. Itis
imperative that the agency’ s culture be conducive to, and accepting of, the information
available. The following factors should be considered to derive the greatest benefit
from a management system (10).

Management should understand the philosophy behind the system recommendations as well
as the constraints with which it operates

The system recommendations should reflect the projects that provide the most benefit to the
agency, assuming normal conditions are met. There are, however, no guarantees of this
benefit

Different strategies can be developed to match different goals. For that reason, the agency
should clearly identify the goal that it istrying to meet

Management systems provide tools to assist the agency; they are not meant to be a
replacement for the experience and expertise of agency staff

1.6 Examples of Agencies Using Asset Management Systems

In order to demonstrate the application of AMS to transportation agencies, several
examples of integrated systems from both the private- and public-sector are provided.
These examples demonstrate the principles of asset management and the broad
application of these principles to achieve an overall agency objective.

Use oF AsseT Manacement: Because of the diversity in agencies with assets to manage, there
are an amost unlimited number of ways that AMS can be implemented. Private-sector
agencies focus their objectives on methods that directly impact the ability of the
organization to make a profit. Any areasthat do not contribute to the profitability of
the organization over time are usually sold or closed. Public-sector agencies do not
focus on profitability, but may focus more on the most cost-effective use of available
funding and the overall service level provided to the end user. Two examples are
provided of agencies using asset management to improved the effectiveness of their
organi zations, one example is from the private-sector and the other is from the public-
sector (2).

GTE's Use of Asset Management in the Telecommunications Industry: Due to the changes brought
on by deregulation, the telecommunications industry has seen tremendous changesin
the competitiveness of the industry. Consequently, GTE has seen its focus shift from
efforts to meet regulatory requirements to improved customer satisfaction. GTE uses
its asset amangement system to provide the following functions:

Network management and inventory, including what, where, use, and condition
Provisioning - providing and configuring equipment to provide needed services
Planning and engineering, including growth and replacement

Financial recordkeeping

During the Executive Seminar on Asset Management, a representative from GTE drew
parallels between the telecommunications industry and the transportation industry that
arerelevant to asset management. These include the following points (McNeil 1996).
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Both sectors depend on a public network that is owned and operated jointly by several
independent companies. Individual organizations are responsible for their own assets but
close coordination is required

There are hundreds of thousands of network pieces that have to be managed. Thisincludes
maintaining information on what they have, what its condition is, and how they will plan for
future capacity expansion

The economic value of the assetsis large, representing alarge fixed base

A large investment is required each year to maintain and expand the assets

The assets are geographically dispersed

GTE stressed that future issuesin asset management will continue to focus on the
transition from information that was needed in the past to new forms of information
needed in the new competitive environment.

Asset Management in the Port Authority of New York and New Jersey: The Port Authority of New
York and New Jersey is a quasi-government organization formed over 75 years ago
with an annual budget of $2.6 billion, with a quarter of that devoted to capital
expenditures. Because of its quasi-government role, the Port Authority has the ability
to reinvest its revenuesinto its facilities, which has been beneficial considering fiscal
constraints imposed by changesin State and local governments and the business sector.
Each major entity of the Port Authority manages its assets independently.

The Port Authority faces a number of challengesthat directly relate to its asset
management practices. These include the following:

An increased emphasis on cost control

Continued trends to divest, outsource, and privatize

Increased emphasis on delivering immediately visible improvementsin customer service
Increased antipathy to long-term planning

Increased expectations on the part of elected officials and political appointees that financial,
business, political, and environmental conflicts will be resoloved

The Port Authority sees the structured decision-making process made possible through
the use of an AM S as the means to better servicesto its users, more business
opportunities, and a streamlined agency.

1.7 What is Pavement Management?

Pavement management has been defined in various reports and books. In general,
pavement management practices are based on the concept of finding a cost-effective
combination of treatments to apply at any given time to give the desired level of
service. Pavement management systems (PMS) that can evaluate various strategies use
the expected impact of maintenance and rehabilitation treatments on the future
performance of the road surface to:

§ Identify those that need treatment.

§ Identify the mixture of preventive maintenance and rehabilitation actions that will
provide the desired overall condition within imposed constraints.

1-14



AN INTRODUCTION TO ASSET MANAGEMENT SYSTEMS

A PMS or road surface management system is a decision support tool that is designed
to be used to help make cost-effective decisions concerning the maintenance and
rehabilitation of pavements and road surfaces (13,14,15,16). Many refer to a set of
software programs as pavement management. Thisisreally a misnomer, since the
software does not manage or make decisions. The personnel in the organization
manage pavements and make decisions; the software only assists in information
management and decision support.

Pavement management systems provide a means to organize the massive amount of
data that devel ops with aroad and street network. When the data storage and analyses
are automated, a PM S stores data, retrieves data, and makes multiple complex
calculations quickly and efficiently.

Pavement management has been used to describe management of highway, road and
street networks with paved surfaces while road and street surface management, or just
road surface management, has been used to describe management of road and street
networks with both paved and unpaved surfaces (17). Most principles are the same for
both systems. However, the unpaved surfaces use more of awork management system
without much prediction of condition and less consideration of treatment impact on
condition.

In the broadest sense, pavement management covers all phases of pavement planning,
programming, analysis, design, construction, and research (18). Asimplemented in
most agencies, PM S have been developed to primarily address maintenance,
rehabilitation, reconstruction, and, sometimes, new design. They are generally
restricted to looking at the maintenance and rehabilitation needs of the existing
pavement system and very seldom consider the need for additional pavement areato
address increased traffic capacity. Increased capacity needs are normally addressed in
congestion management or other planning activities. Other management systems may
also identify the need for new pavements or pavement maintenance and rehabilitation
needs.

Maintenance addressed in pavement management is primarily programmed or planned
maintenance such as surface seals and crack seals. Pavement management systems do
not try to predict where a pothole will appear nor the frequency of routine maintenance
activities such as pothole filling, temporary repairs, etc. Maintenance management
systems should interface with the pavement management systems. Maintenance
management systems normally address maintenance work requirements and standards
for selected maintenance treatments. The planning for the need of programmed
maintenance normally comes from the pavement management or road surface
management system.
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1.8 Need for Pavement Management
There are over 6 million km (almost 4 million miles) of highways, roads and streetsin

the United States (12). For many years, highway agencies have used various methods
to manage the funding of highway needs within their jurisdiction. New construction of
new roads were probably the best managed with planning groups being developed in
larger agencies to address where new highways would be built and to determine which
should be funded.

Maintenance and rehabilitation generally were managed with less formal methods. In
several cases, crises management developed, especially in smaller agencies, as the
standard method to address maintenance needs when funds were short. Within the last
20 to 30 years, pavement management systems have been developed to help plan
maintenance and rehabilitation of pavements (18). Management systems are necessary
to avoid crisis reaction in public works (19). They are the application of systems
engineering and basic management concepts to managing our infrastructure. It
provides a structured and documented way to help get the most out of funds spent on
the infrastructure.

1.9 Summary

Asset management systems are being successfully used in the private, public, and
guasi-government sectors to improve the decision-making process within these
organizations. These systems are effective means for improving the profitability of an
organization, or the cost-effectiveness of the utilization of funding allocations.

Ultimately, it is the objective of both private and governmental organizationsto
improve the services provided to its customers, whether through the more timely
distribution of a product or a smoother road to travel on. The use of asset managment
provides agencies with the tools necessary to improve the services provided to its
customers in the following ways (2).

Improved convenience

Improved service (e.g., comfort, reliability, and safety, in a transportation context)
Savings passed on from the owner/operator to the customer

More accessible facilities and services due to more efficient operation

The practioners of pavement management can benefit through repeated dial ogues with
agencies practicing asset management. The changes in our government at the national
and state level, and the accountability required of elected and appointed officials, are
changing the way transportation agencies must do business. Those agencies practicing
pavement management, and using the outputs to improve the decision-making within
their organization, can be proud of the fact that their technical and managerial
approaches can be compared to the leaders in private industry - those agencies
practicing asset management because it makes sound business sense.
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PAVEMENT MANAGEMENT SYSTEMS OVERVIEW

2.1 Module Objective

This module describes the basic components of a Pavement Management System, as
well as provides some historical perspective on the evolution of PMS over the last 20
years. Inaddition, it will discuss how the products of that system can be used as tools
to aid in the development and decision making process for the pavement maintenance
and construction program.

Upon completion of this module the participants will be able to:

§  Describe the basic components of a PMS

§  Understand the evolution of PMS since the 1970's

§  List and describe some of the more prevalent products of abasic PMS
§ Beableto describein some detail the current state of practicein PMS

2.2 Importance of the Transportation System

The United States has the largest transportation system in the world (1). It serves 260
million people and 6 million businesses. The sheer physical size of the transportation
system is difficult to comprehend. There are over 6.4 million km (4 million miles) of
roads. In 1995, cars and light trucks — the vast majority of personal vehicles—were
driven over 3.5 trillion km (2.2 trillion miles) in the United States. Or in personal
terms, the distance an average car traveled in 1995 equaled ajourney nearly halfway
around the earth.

Transportation is amaor component of the economy, accounting for nearly 11% of the
gross domestic product (GDP). It provides links between businesses, industries and
consumers. Transportation and related industries employ 9.9 million people in the
United States— alittle more than 7% of the total civilian labor force.

The economic importance of the U.S. transportation system goes well beyond the
nation’s borders. It affects the ability of U.S. businesses to compete in the expanding
global economy. Over time, international trade has grown in importance as a
component of the U.S. economy. In 1995, total exports and imports of goods and
services amounted to almost 25% of the GDP.

Trucks dominate the nation’ s freight transportation system, especially for shipping
distances under 800 km (500 miles). Trucks moved nearly three-quarters of the value
and amost 5.5 billion metric tons (6 billion tons) of freight of all shipments. Growth in
truck traffic has been dramatic. According to the Census Bureau (1), the number of
trucks increased by 24% from 1982 to 1992.

Thetruck fleet appears to be getting heavier and traveling further. Between 1982 and
1992, the number of trucks with operating weights above 36,000 kg (80,000 pounds)
increased by 180%. The total number of vehicle-milestraveled in this class also rose by
193%. Multiple-trailer combination trucks, which doubled in number, traveled the
furthest, averaging 126,000 km/vehicle (79,000 miles/vehicle) in 1992,
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The highway system in the United Statesis composed of :

Interstate highways — more than 73,000 km (45,774 miles)
Other NHS* roads — almost 180,000 km (111,237 miles)
Other roads — over 6 million km (3.75 million miles)

* NHS = National Highway System

Governments spent $116.5 billion on transportation in 1993. The federal share was
about 31%, which included grants to state and local governments. Of the total, 60% of
the expenditures was for highways.

Government revenues from gasoline taxes and other transportation-rel ated taxes and
fees totaled $85 billion, covering 73% of all transportation expendituresin 1993. States
collected about half of all revenues, the federal government a third, and the remainder
is collected by local governments. 70% of the revenues were generated by highways.

The relationship between economic growth and transportation infrastructure is
reciprocal. Historically, transportation has played an important role in determining the
regiona structure and spatial character of the U.S. economy and continues to do so
today.

Evidence suggests that public investments in highways and other transportation
infrastructure reduce the costs of transportation and output, and contribute to economic
growth and productivity. At the same time, changes in the economy affect the use of
transportation facilities and services by households and businesses.

In recent years, agood deal of research has been conducted on the contribution of
public investment in transportation to economic growth and productivity inthe U.S. A
majority of these studies conclude that public investment in highways reduces the costs
of transportation and production, and makes a positive contribution to total economic
output. Similar studiesin Europe and Asia produced comparable results. In particular,
these studies suggest that the return on the investment of adollar in highway
infrastructure generally has been greater than the return on adollar of private capital
investment.

However, the benefits of the transportation system come with costs — accidents,
pollution, congestion and so on. Although safety, energy efficiency and emissions
controls have improved, transportation policies, regulations, and technological
advances are still racing to keep up with the continual growth in travel and goods
movement.

The ability of the transportation system to meet our logistical and mobility needs with a
minimum impact on our pocketbook, our safety and the environment depends on
informed decisions by public agencies, private enterprise and individuals. Because
transportation and the world it serves are constantly changing, informed decisions
require continual updating of our understanding of the transportation system, how it is
used, what it contributes, and what it affects.

This snapshot captures awide range of information on the U.S. transportation system
and itsinfluences. But the picture is moving. As awareness of the unintended
consequences has grown, ways are being sought to measure the direct and indirect
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costs of transportation and combine those measures into a framework that supports
public decision-making. An understanding of both costs and benefits is necessary to
enhance the efficiency and effectiveness of the transportation system, to reduce the
negative side effects, and to consider equity — the distribution of benefits and burdens
among groups in the population —in public decisions.

2.3 Importance of Pavements in Transportation System

From the previous section, it is apparent that transportation has an enormous impact on
the U.S. economy, and on the lives of its residents. Pavements are just one part of the
transportation system, and yet it is by far the most important component. Passenger-
miles per person grew to 27,500 km (17,200 miles) by 1995. In terms of absolute
distance traveled, the automobile overshadowed all other modes, growing by over 1.6
trillion passenger-km (1 trillion passenger-miles) between 1970 and 1995 (1).

The growth of trucksis of special importance to pavement engineers and managers
since one major cause of pavement deterioration istruck traffic. (Thisisfurther
discussed in Module 7.)

Itisasotruethat all pavements deteriorate over time due to traffic and environment.
Figure 2.1 is a curve that has often been used in presentations on pavement
management systems (PMS). It shows the average rate of deterioration for an agency
and the change in repair costs as the pavement deteriorates. It is evident from Figure
2.1 that if the earlier treatments were to be applied more often, the overall costs will be
smaller if the pavement isrepaired earlier rather than later.

Figure 2.1 Effect of treatment timing on repair costs (2).

40 % Time
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Analysis by the Utah Department of Transportation indicates that it costs an agency
less to have good roads than bad roads, if the roads are kept at any reasonable level of
serviceability (2). Thisis based on the assumption that pavements will respond to
preventive maintenance. Preventive maintenance is defined to include treatments
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applied to prevent or reduce the rate of deterioration, and it is limited to treatments
which have traditionally been considered maintenance such as surface seals and thin
overlays which do little to change the structural capacity of the pavement.

For preventive maintenance to be effective, pavements must be adequately designed to
withstand traffic loads initially. Preventive maintenance treatments applied to
pavement surfaces inadequately designed may delay the required rehabilitation for a
short period of time, but in the long run they will not be very cost-effective. Many
agencies own pavements that carry traffic loads for which they were never designed,
and these must be structurally improved before they will provide the desired
performance. Many agencies also have a backlog of maintenance and rehabilitation
needs that must be corrected before they can fully adopt a preventive maintenance
approach. These agencies must develop a program that works to improve those
pavements in poor condition and structurally inadequate while also trying to keep those
few pavementsin good condition from deteriorating to the point where the less
expensive treatments will not be effective.

The FHWA has long recognized the importance of pavements and the need to properly
manage the pavement network. Numerous training courses, seminars, workshops and
technical assistance are provided to states and other interested agencies. They aso
serve as a conduit to the American Association of State Highway and Transportation
Officias (AASHTO), and support and augment the National Cooperative Highway
Research Program (NCHRP).

2.4 Historical Perspective

Earuy Devecorvent: T he earliest Pavement Management Systems (PMS) were developed in
the mid to late 1970s as a direct result of the development of modern electronic
computers and data base management systems. Prior to the use of electronic
computers, in the late 1950’ s and the 1960’ s, agencies maintained their roadway route
information on paper-based ledgers, strip maps, maps, and a system of archived files.
This limited the amount of information that could be collected, stored, and retrieved.

The late 1950's and 1960’ s were also atime of intensive road building and pavement
construction. Most agencies construction programs were focused on the construction
of new pavements rather than on the maintenance and preservation of their existing
pavements. However, by the mid-1960’s, some states had begun to change their
construction program’ s emphasis from new pavement construction to pavement
preservation (3).

At the same time, most state highway agencies converted to a computer-based roadway
information system that was devel oped and maintained by a management information
services group within each agency. These systems contained computer based files
which contained basic roadway inventory data such as route number, location indicator,
functional class, number of lanes, pavement type, width, shoulder type etc., at specific
project, political, and accounting boundaries. The early management systems were
mostly accounting driven. For example, the early maintenance management systems
developed information on workforce time, equipment, and materials by specific task,
time and location and construction management systems were devel oped for more
automated contract accounting and contract payments systems.
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Agencies have always managed some form of pavement preservation activity which
could be considered pavement management. In most larger agencies, such as a state
highway agency, the Agency was subdivided into regions, districts, or areas which
normally managed the day to day road maintenance planning, design and construction
projects. An Agency’s pavement maintenance or rehabilitation project was devel oped
from alist of projects developed at the regional level. Thelist of projects may have
been devel oped based on awide range of criteriaranging from perceived pavement
condition (not measured) and engineering experience, to political necessity. In many
cases, the list was developed based on relative pavement condition, maintenance
activities, and engineering experience. Each region was allocated a specific amount of
funds for each program cycle for their construction program, usually based on their
proportion of highway miles of each function class and also with traffic levels
sometimes factored in. Planning level cost estimates were devel oped for each project
on the list, and projects were selected from the list until the allocated funds were
consumed. The lists and projects were adjusted or massaged a bit to devel op the actual
construction program. As contract plans were prepared and awarded, some additional
adjustments in the program were always required based on the final cost and scope of
each project.

Inthe mid-1960's, afew agencies began to develop pavement condition surveys, and
used the information from the surveysto help develop the project lists. The pavement
condition data was stored and manipulated as part of the agencies management
information system (4,5). By the mid-1970's a*“systems” approach to managing
pavements began to be envisioned and actively developed (6,7,8). Within a couple of
years, several states and the US Army Corps of Engineers had developed and
implemented afull PMS (10,11,12).

AASHTO GuiceLnes: 1N 1985, the American Association of State Highway and
Transportation Officials published their first “Guidelines on Pavement

24). These Guidelines were prepared between 1982 and 1983 by
members of the AASHTO Joint Task Force on Pavements who were involved in the
development and implementation of a PMS in their respective state. The 1985
AASHTO “Guidelines’ provided only minimal guidance as the body of the text
consisted of only seven pages which introduced, defined, and supported the
development and implementation of PMS.

Though only afew states were involved in actively developing and implementing
PMS'sinthe early 1980's, a much larger number had devel oped, implemented, or
adopted a PM S by the mid to late 1980's. In NCHRP Synthesis of Highway Practice
135 *Pavement Management Practices’ (17) it was reported that, “ Of the 53 agencies
responding to the survey, 35 have some form of a pavement management system or
process and 11 have either a partial system or they are in the devel opment process.”
The remaining agencies indicated that they were planning on doing so. By 1994,
NCHRP Synthesis 203 (18) reported that 58 of 60 agencies (50 states, 9 canadian
providences and the District of Columbia) had aPMS in place.

In 1989, the FHWA established a policy that all states must have a PM S to manage
their Federal Aid Primary Highway System (Interstate and Principal Highways) (16).
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As aresult of thispolicy, all states were required to have, and to use, aPM S as a one of
the many conditions for federal funding.

In 1989, AASHTO formed a small Task Force on Pavement Management. Their task
was to guide the devel opment of a new and more complete set of guidelines on PMS.
The new guidelines were prepared by Fred Finn and Dale Peterson through a special
NCHRP project. The new “1990 AASHTO Guidelinesfor PMS’ provided a more
detailed set of descriptions and recommendations than the 1985 guide but the new
guidelines were still limited in size as the authors were, from the beginning, limited to
only 35 pages by the Task Force (15). The final guidelines totaled 48 pages with the
body of the text consisting of a concise but complete 34 pages. The primary scope of
the 1990 Guidelines for PMS was to:

§  Describe the characteristics of aPMS.
§  Identify the components of a PMS and the role of each component.

§  Describe the steps recommended for development, implementation and operation
of aPMS.

§  Describe the products of a PMS which can help management in making informed
decisions based on sound principles of management and engineering

§  Definetherole of communicationsin aPMS.

The 1990 AASHTO Guidelines for Pavement Management Systems till providea
very good description of a basic Pavement Management System and the typical
modules that usually make up aPMS. The Guidelines will be used later in this section
to provide an overview of the basic components of a pavement management system.

ISTEA: The scope of federal and state involvement in PM S expanded when Congress
passed the Intermodal Surface Transportation Efficiency Act of 1991 (ISTEA) and
required all statesto have aPM S that covers all Federal-aid highways by 1995. The
most significant aspect of this law was the expanded network coverage. FHWA’s 1989
policy covered 313,700 centerline miles and ISTEA tripled that coverage, increasing it
to 916,200 centerline miles. This expanded coverage trandated into a need for
significant coordination among state and local governments. For example, of the
916,200 miles covered, 365,200 are under local jurisdiction. In December 1993,
FHWA issued aregulation covering all management systems. Section 500, Subpart B,
of the regulation describes the ISTEA requirements for PMS. Thefollowingisa
summary of the more notable issues of the regulation as described below (16):

§  Theregulation is non-prescriptive;
§  Federa-aid funds are eligible for the development, implementation, and annual
operation of aPMS;

§  States must develop their work plan by October 1994, designed to meet the
implementation requirements,

§  Standards areincluded for the National Highway Systems (NHS);
§ ThePMSfor the NHS must be fully operational by October 1995;

§  The states have full flexibility to develop the standards for the PM S that cover the
non-NHS routes;

§  The PMSfor non-NHS routes must be fully operational by October 1997; and

§ PMSinformation must be used as input into the devel opment of the metropolitan
and statewide transportation plans and improvement programs.
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Section 500.207, PM'S Components, contains the components of a PM S for highways
on the National Highway System (NHS). There are three primary components: data
collection, analyses, and update. The components under data collection included the
following:

§ Inventory: physical pavement featuresincluding the number of lanes, length,
width, surface type, functional classification, and shoulder information;

§ History: project dates and types of construction, reconstruction, rehabilitation, and
preventive maintenance;

§  Condition survey: roughness or ride, pavement distress, rutting, and surface
friction;

§  Traffic: volume, vehicletype, and load data; and
§ Database: compilation of all datafiles used in the PMS.

The components under analyses include the following:

§ Condition analysis: ride, distress, rutting, and surface friction;

§  Performance analysis. pavement performance analysis and an estimate of
remaining service life;

§ Investment analysis: an estimate of network and project level investment
strategies. Theseinclude single- and multi-year period analyses and should
consider life-cycle cost evaluation;

§ Engineering analysis: evaluation of design, construction, rehabilitation, materials,
mix designs, and maintenance; and

§  Feedback analysis. evaluation and updating of procedures and calibration of
relationships using PM S performance data and current engineering criteria.

The 1991 ISTEA act and the subsequent FHWA regulations on management systems
were modified in 1995 by the National Highway System Act. Thislegidation reduced
the management systems requirements and reconfirmed that the requirements for PMS
were non-prescriptive.

In arecent nationa workshop on pavement management (New Orleans, July 1997), a
proposed resolution to support pavement management was discussed and drafted.
Discussion on the resolution centered on the following issues:

PMSis good business practice

Objective measures and protocols for pavement condition are essential
Local/regional criteria are necessary and appropriate

Transparent modeling and analysis is desirable

Need for top level management support

2.5 Basic Concepts of a Pavement Management System

Thefollowing isabrief description of the components of a Pavement Management
System. This description is taken almost verbatim from the 1990 AASHTO Guidelines
for Pavement Management Systems (15). Though the text of the Guidelines was
prepared several years ago it still provides avery good overview of the basic
components and characteristics of a PMS.
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TvpicaL MobuLES oF A PAVEMENT MANAGEMENT SYSTEM
(From ChapTER 2 oF AASHTO GuieLines For PMS) (15): A Pavement Management S/stem is

designed to provide objective information and useful datafor analysis so that highway
managers can make more consistent, cost-effective, and defensible decisions related to
the preservation of a pavement network. While aPM S can not make final decisions, it
can provide the basis for an informed understanding of the possible consequences of
aternative policies.

Two major levels of pavement management decisions should be included in aPMS;
network and project. Network-level decisions are concerned with programmatic and
policy issues for an entire network. These decisionsinclude: establishing pavement
preservation policies, identifying priorities, estimating funding needs, and allocating
budgets for maintenance, rehabilitation, and reconstruction (MR&R). Project-level
decisions address engineering and technical aspects of pavement management, i.e., the
selection of site-specific MR&R actions for individual projects and groups of projects.
A comprehensive PM S includes components to assist in both network and project-level
decisions.

Figure 2.2 shows a schematic representation of the typical modules of aPMS. These
modules are;

§  Database which contains, as a minimum, the datarequired for PMS analysis;
§  Analysis methods to generate products useful for decision-making; and,

§  Feedback process which uses on-going field observations to improve the reliability
of PMS analysis.

The remainder of this course will discuss each of these modulesin detail.

The main choices for an analysis method, in an increasing order of sophistication, are:
pavement condition analyses, priority assessment models, and network optimization
models. A SHA may choose one of these methods for direct implementation or may
develop the system in stages, starting with a simple method and upgrading to a method
with a higher level of sophistication and capability, if and when deemed desirable
based on agency needs and available resources. Both the required database and the
feedback process will be affected by the choice of an analysis method. These two
modules of a PMS must be designed carefully, taking into consideration the current and
the potential future choice of the analysis method. Each PM S module is described
below in terms of its purpose and input-output characteristics.
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Figure 2.2: A Schematic Representation of PMS Modules
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Database: The database isthefirst building block of any management system, since the
analysis used and recommendations made by a management system should be based on

reliable, objective, and timely (current) information. The major categories of input
data essential for aPMS are:

§  Inventory,
§ Information relative to pavement condition,
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§  Construction, maintenance and rehabilitation history,
§  Traffic, and
§  Cost data.

A number of optional categories could include information concerning design,
material's, accidents by location, and geometrics.

The database module supports the information needs of the other two PMS modules;
i.e., analysis method and feedback process. It may also be useful to other information
systems which may be or have been developed by a SHA. By using theinformationin
the database, useful reports can be generated, such as:

§  Deficiency reports, which identify pavement segments with a given type of distress
(such as cracking, rutting, faulting, roughness, etc.) exceeding a specified threshold
level

§  Performance histories, which display the variation of a given type of distressasa
function of age and traffic for specific pavement segments

§ MR&R actions

§  Pavement inventory by type and area as examples. A method of ranking pavements
based on severity and extent of specific types of distress can be devel oped based
solely on information in the database.

Analysis Method: A variety of methods are available to analyze pavement performance
and cost data to identify cost-effective MR&R treatments and strategies. “ Treatment”
refersto a single action selected to correct specific pavement deficiencies. A strategy
can refer to aplan involving a combination of treatments to maintain the network in a
serviceable (acceptable) condition for specified time (analysis period); it can also apply
to a series of treatments for maintaining a project in a serviceable condition for a
specified time. The analysis methods can be divided into three broad categories based
on the degree of formal analysis used to determine cost-effective MR&R strategies.
The three categories, with an increasing degree of formal analysis, are: (1) pavement
condition analyses, (2) priority assessment models, and (3) network optimization
models.

The choice of an appropriate analysis method depends on a SHA’ s needs and
expectations from a PMS, and the resources (data, staff, computers, funds, etc.)
available for development and eventual long-term usage. Also, the methods of analysis
are not necessarily unigue to any one of the three categories indicated. For example,
user benefits and agency costs, discussed herein under the priority assessment method
could, and often do, apply to pavement condition analysis and would, in most cases,
apply to optimization models.

At the start-up of aPMS, a SHA may choose the option of staged development by
initially selecting an analysis method compatible with resources and needs and
subsequently upgrading to a method with increased capabilities. An agency can, of
course, decide to proceed directly to its ultimate goal if resources are available.

It should be noted here that the three analysis methods represented a cross-section of
the analysis methods that were used by various SHA'’s at the time the AASHTO
Guidelines were prepared. Though al three levels are till valid, most

SHA'’s have now progressed to using the second and third analysis method, and many
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are devel oping the capacity to use the third analysis method (network optimization
models). In a 1996 FHWA survey of state PMS practice, 14 states indicated that they
were currently using the Network Optimization Method, and 17 additional states
indicated that the Optimization Method was under devel opment.

Pavement Condition Analysis: This method of analysis combines the pavement condition
datafor individual distress types, with or without roughness, into a score or index
representing the overall pavement condition. The pavement condition scoreis
generally expressed on a scale of 0 to 100, with 100 representing the best pavement
condition and O representing the worst pavement condition. Alternate methods can be
used to develop a combined index or score; however the 0 to 100 scale is the most
prevalent. The calculation of the pavement condition score requires an assessment of
weighting factors for different combinations of the severity and extent of each distress
type. A combined index has several useful applications:

§ Itisarelatively smpleway to communicate the health of the system to upper
management, planners, and legidators

§  Used asonefactor, or the only factor, in a priority rating scheme

§  Used asatechnique for estimating average costs to maintain, rehabilitate, or
reconstruct a candidate project; e.g., pavements with condition score of 50 will, on
average, require x dollars to repair.

The outputs from this module can include:

§ Ranking of al pavement segments according to types of distress and condition
scores as a function of traffic or road classification

§ Identification of MR&R strategies, which define a set of criteria (e.g.,
combinations of different distress levels and traffic) for assigning a particular
action to each pavement segment

§  Estimates of funding needs for the selected treatments.

The outputs are indicative of current needs based on current conditions. A prediction
model is not necessary for this module; however, multi-year strategies and costs are not
available from such systems unless assumptions are made regarding rates of
deterioration and associated costs.

Priority Assessment Models: This analysis method uses a“ bottom up” approach in which
optimal MR& R strategies for individual projects are first determined based on life-
cycle costs (17) over an analysis period of 20-30 years, or at least one major
rehabilitation treatment. Projects can then be prioritized, at the network-level, using a
variety of methods. The benefit/cost ratio and measure of cost effectiveness are the
two most prevaent waysto prioritize; however, alternate schemes are possible. The
project-level analysisincludes modelsto predict pavement conditions as a function of
such variables as age, present pavement condition, traffic, environment, performance
history, and the treatment selected. Alternative strategies, including current and future
actions, are evaluated for each segment and compared based on life-cycle costing
analysis, benefit-cost ratio or cost-effectiveness, and the strategy with the highest
priority over an analysis period isidentified.
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Benefits, when applied to aPM S, are generally categorized in one of three ways:

§  Road user benefit.
§  Agency benefits.
§ A combination of user and agency benefits.

Road user benefits are defined (19) “ ...as the savings in vehicle operation costs, travel
time value, accident costs...that users of improved highway facilities...will enjoy.”
Benefits can be quantified as the difference between user costs without improvements
and user costs with improvements. The benefits divided by agency costs for
improvement would reflect the benefit-cost ratio. At a project level, the strategy which
provided the highest ratio would receive the highest selection priority. Inasimilar
way, the set of strategies that would maximize benefits for the network, for a specific
budget, would be used as a strategic planning tool to program network improvements
(i.e., maintenance, rehabilitation, and reconstruction).

Agency costsinclude: (1) annual maintenance costs, (2) rehabilitation or reconstruction
costs required during the analysis period, and (3) salvage value at the end of the
analysis period. Costs used in evaluating a benefit-cost ratio are usually based on their
net present worth or converted to equivalent uniform annual costs.

Road user benefits should be given some consideration when evaluating priorities of
individual segments. Although methods for calculating user benefits have been
developed, credible dollar values have not been established for U.S. conditions. User
benefits are implicitly included in a PM S when specifying level-of-service goals or
performance standards for different functional classes of highways.

Similar to the benefit-cost analysis, cost-effectiveness has been used to rank or
prioritize the selection of projects. The differenceisthat a proxy, in terms of
performance, is used to represent the benefit associated with a particular strategy.
Performance or benefit can be measured in terms of the predicted area under a
pavement condition (serviceability) versus time curve and cost is expressed as the
equivalent uniform annual cost of MR&R treatments. Thus, the cost per unit of
serviceability can be used as a cost-effectiveness ratio.

The output of this analysis method can include:

§ A prioritized listing of projects requiring maintenance, rehabilitation or
reconstruction.
§ Costsfor MR&R treatments.

§  Estimates of funding needs in order to achieve specified network performance
standards.

§  Single-year and multi-year programs which identify segments recommended for
maintenance, rehabilitation, or reconstruction, and the type, timing and cost of
recommended treatments.

Optimization Models: Optimization models provide the capability for a simultaneous

evaluation of an entire pavement network. The objectiveisto identify the network
MR& R strategies which maximize the total network benefits (or performance), or

2-12



PAVEMENT MANAGEMENT SYSTEMS OVERVIEW

minimize total network costs subject to such network-level constraints, such as
available budget and desired performance standards. A network MR& R strategy
defines the optimal treatment for each possible combination of performance variables
such as: roughness, physical distress, traffic, environment, and functional class. Thisis
a“top down” approach in which optimal network strategies are first determined and
specific treatments for individual projects are then identified considering site-specific
conditions and administrative policies.

Techniques of optimization, although somewhat new to highway engineers, have been
used extensively in business decisions and are described in proceedings of the North
American Conferences on Pavement Management. Optimization modelsin aPMS are
used to analyze various management strategies and tradeoffs at the network level. For
example, given afixed network budget, should extensive and often expensive,
treatments be applied on a smaller portion of the network, or should moderate, less
expensive treatments be applied on alarger portion of the network?

The outputs from optimization models are essentially the same as those obtained from
the prioritizing model, with only dlight variations. For example, the optimization

model does not identify segment priorities; instead, it identifies an optimally balanced
MR& R program for an entire network to meet specified budget and policy constraints.

Feeosack Process: Pavement management systems, similar to any other engineering tool,
must be reliable in order to be credible. The feedback processis crucial to verify and
improve the reliability of aPMS.

A measure of PMS reliability can be achieved by comparing:

§  Actua costs of maintenance, rehabilitation, and reconstruction (available through
contract bids and agency records) with those used in the PM S analysis.

§  Field observations of pavement conditions and traffic with those predicted by PMS
models.

§  Actual performance standards achieved with those specified in the PMS analysis.

§  Actud projects rehabilitated or reconstructed and the treatments applied with those
recommended by the PMS.

If significant discrepancies are found between actual data and PM S projections,
relevant PM S models and parameters should be revised appropriately.

At the start-up of aPMS, historical performance data may not be available to calibrate
PMS models. Such calibration may need to be performed using engineering judgment
and experience. With time, PMS models can be systematically calibrated using data
from pavement condition surveys and construction records, thus improving the
reliability of, and confidence in, PM 'S recommendations.

It should be noted that feedback information can also be useful:

§  For agency research programs.
§  To evaluate the influence of construction on performance.

§  Asameasure of the effectiveness of methods used for design of new and
rehabilitated pavements.
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2.6 Network and Project Level Pavement Management Systems
(From Chapter 3 AASHTO Guidelines for PMS) (15)

It isimportant to recognize that pavement management systems can be applied
at two levels: network and project. At the network level, the primary objective
isto provide information pertinent to establishing network budget requirements,
allocating funds according to priorities, and scheduling MR&R actions. At the
project level, the primary objective isto provide afirst estimate of the preferred
MR& R action for each project, its cost, and expected life cycle. In this chapter
some important aspects of each level will be discussed, including products and
applicable technology.

Network Lever PMS:  Specific products required to meet the objectives of a network
level PM S include the following as a minimum:

Information concerning the condition or health of the pavement network.
Establishment of MR&R palicies.

Estimation of budget requirements.

Determination of network priorities.

w W W W

Evaluating the Overall Health (Condition) of the Network: The range of pavement conditions may
be divided into discrete categories (qualitative) such as very good, good, fair, and poor.
The proportion of segments (mileage) in a network in each of these categories can be
used as indicators of the overall health of the network. These indicators can be plotted
against time to identify trends (i.e., is the proportion in the poor condition constant,
decreasing or increasing?).

Numerical values obtained from combined condition indices can be used as an
aternative (quantitative) measure of the health of the system. The choice between
gualitative and quantitative representations is a management decision.

Establishment of Maintenance, Rehabilitation and Reconstruction (MR&R) Policies: FouUr methods are
available for establishment of MR&R policies:

Matrix.

Decision tree.

Life-cycle costing analysis.
Optimization.

w W W W

The matrix method matches a set of specific distresses with a set of appropriate MR&R
treatments. The selection of a specific MR& R treatment is based on the dominant
treatment which will correct all of the pavement deficiencies. The association between
distress and treatment is based on engineering judgment accumulated from years of
agency experience.

For adecision tree, important variables such as specific distress types, traffic, and
functional classes, would be considered in selecting MR&R treatments. A tree-like
diagram is developed which displays different combinations (branches) of selected
variables at various levels. For each combination, an appropriate MR&R treatment is
assigned in the same manner as that used for the matrix method (i.e., agency experience
and engineering judgment).
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The life-cycle cost method sel ects the MR& R treatments based on the least life cycle
cost of acombination of treatments (strategy) required during the analysis period.
Alternative strategies can be evaluated as part of this method. The cost components
included in this method of analysis are: (1) construction, (2) maintenance between
major rehabilitation treatments, (3) cost of rehabilitation treatment, and (4) salvage
value at the end of the analysis period. In order to compare alternative strategies, life
cycle costs are calculated using either present worth or equivalent uniform annual
costs. An appropriate discount rate must be assigned in order to obtain credible
comparisons.

The optimization method requires identification of an objective function, decision
variables and constraints. For the PM S analysis, the objective function is usually one
of the following:

§  Maximization of user benefits.
§  Maximization of network performance standards.

Minimization of total present worth costs. Decision variables are the set of MR&R
treatments. The constraints may include the total available budget, minimum
network performance standards and/or minimum performance standards for
different areas (i.e., districts). The optimization method identifies estimates of both
short-term and long-term budgets needed in order to preserve the pavement
network at or above prescribed standards.

Budget Requirements: The PMSwill provide an estimate of budget requirementsto
preserve the pavement network at prescribed levels of performance. In most cases, the
PMS will provide a one-year and multi-year estimate of requirements. In many cases
the budget requirements will exceed the funding available. In such cases, one of the
methods of prioritizing or optimizing will be needed in order to prepare a candidate
MR&R program.

Determination of Priorities: T here are many methods for establishing priorities, however,
only the five most common are listed here. Alternate methods can be devel oped based
on agency policies and administrative decisions. The five methods include:

§  Matrix.

§  Benefit-cost ratio.

§  Condition index.

§  Cost-effectiveness.

§  Maximizing benefits.

The matrix method can be based on such factors as condition and traffic (i.e., the
highest priority is given to those pavements that are in the worst condition with
heaviest traffic).

The condition index method can be based on relative scores usually ranked from O
(worst) to 100 (best). Priorities can combine condition score with such factors as
functional class or traffic in order to develop afina list of projects.

The benefit-cost ratio procedure determines the benefit cost effectiveness ratio for each
project segment where those segments with the highest benefit-to-cost ratio would have
the highest priority. Whereas the previous methods are likely to favor aworst-first
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policy, the benefit-cost ratio could provide high priorities for pavements in fair-to-poor
condition rather than always starting with worst condition.

The cost effectiveness procedure is similar to the benefit-cost ratio, except that the
objective function is to maximize the performance as a function of cost. Performance,
in this case, can be estimated from the area under the serviceability-time curve obtained
from pavement prediction models. Those sections with the largest area above specified
levels of service per unit cost would have high priorities. Costs are agency costs. This
method does not require a worst-first approach.

The maximization of benefitsis inherent in most optimization methods. However,
methods for maximizing benefits can also be developed with prioritization and life
cycle costs. For example, that group of projects from all candidate projects, which
maximizes the combined benefit-cost ratio or cost effectiveness for a specified budget
would be selected for MR&R treatments.

Prosect Lever PMS: Once the results from the network MR& R program are established, it
will be necessary to prepare plans and specifications for individual construction
projects. Since the network level analysis only provided target MR& R treatments and
expected costs for individual segments, additional information will be required before
designs are finalized.

Detailed site-specific information pertinent to non-destructive test results, material
properties representative of on-site materials and drainage considerations as well as
detailed condition survey information are commonly required for the final design and
cost estimate and for preparation of plans and specifications. Based on the additional
information, the target MR& R treatments could be recommended from a project level
PMS.

The objective function of a project-level PMS would usually be the same as that for a
network; minimize life cycle costs, maximize benefit-cost ratio, etc. The project level
PMS could consider additional MR& R treatments, which could be applicable or
necessary, at a particular site. It could also use more accurate unit costs estimates
based on project location. Thus, there would be some chance that the project level
PM S would recommend an action different from that of the network system.

Data CoLLECTION FoR PMS  (From Crapter 4 AASHTO GuipeLines For PMS) (15): A pavement
management system must have usable, accurate, and timely (current) information in
order to produce credible results.

Inventory and identification data are generally obtained only once. Updates are
required only when pavements are reconstructed to new standards and dimensions.
Roadway geometrics, pavement type, location, and design traffic loads are other
examples of datathat do not require ayearly update. Information relative to pavement
condition, actual traffic, surface friction, and others which may change with time, are
collected on an established schedule or frequency. Data obtained for a network level
analysis are generally less intensive and not as detailed as that needed for a project
design (i.e., for preparation of plans and specifications).
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Inventory Data: - INVENtory data are required for even the simplest pavement management
system. Project identification including pavement type, route, functional classification,
location (either tied to a GI S, Geographic Information System, or to an identifiable
reference system such as mile post, link mode or state coordinates) is essential.

Specific types of information to be collected should be carefully considered during the
planning phase. Information required for analysis, interpretation, and for preparation
of reports, should be included in the inventory. Information not considered necessary
for the PM'S should be avoided. Some itemsto be considered for inclusion as part of
the inventory are:

Route number

Functional classification
Length

Pavement type

Pavement width

Number of traffic lanes
Shoulder type

Shoulder width

Layer thickness
Construction history
Rehabilitation history
Maintenance history
Sub-grade classifications
Materia properties
Material sources

Joint spacing

Load transfer

Resilient modulus
Provision for drainage
Climatic factors (precipitation, freeze-thaw)

In order to assure accurate locations for each item in the inventory, it is essential that a
common reference system be used for al information gathered for a pavement
regardless of the source of the data. The history of the construction, rehabilitation, and
maintenance of the pavement is very desirable and may be required for the systems
with more complex analysis procedures. The inclusion of information relative to
material properties and sources, as part of the pavement history, provides a basis for
evaluating design procedures and possible need for modifications.

Traffic: Traffic and load information isimportant for three reasons:

§  Todetermine priorities
§ Todevelop, calibrate, and use pavement performance models.
§  To select the maintenance, rehabilitation, or reconstruction treatment.

Thetypes of traffic data required include:

§  Average annual daily traffic (to establish priorities).
§  Equivalent 18-kip single axle loads (for predictions and treatments).
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Pavement Conoimion Survey: Monitoring pavement condition over timeis essential for aPMS.
Condition surveys provide information needed to evaluate the health of the network
and the condition of any specific segment. Condition survey data collected over time
will also be required if and when prediction models are to be devel oped.

There are four basic types of pavement condition information:

Ride quality or roughness.
Physical distress.
Structural capacity.
Safety.

w W W W

Ride Quality: One of the major accomplishments of the AASHTO Road Test (1956-
1960) was that it devel oped a concept or method for evaluating the performance of a
pavement. The concept was based on the principle that the prime function of a
pavement was to serve the traveling public. Inturn, ride quality was used as a measure
of how well pavements could serve the public (20). Studies made after completion of
the Road Test have consistently indicated that ride quality could be correlated to
pavement roughness. It has also been shown that roughnessis not only a measure of
user satisfaction (or dissatisfaction), but can also be related to user costs (i.e., vehicle
operating costs and speed profiles).

Road roughness should be considered as a fundamental requirement for a pavement
management system. Thereis awide range of methods of measurement used to
evaluate road roughness, either subjectively (ride quality) or objectively (roughness).
For a SHA, the use of automated measuring devices to measure and record roughness
is considered preferable to subjective ratings. Local government agencies, which do
not have access to automated devices, have found subjective estimates of ride quality to
be a useful measure of functional performance.

Methods for measuring roughness and interpreting roughness vary and are constantly
changing as both equipment and analytical capabilitiesimprove. Both response type
roughometers, designed to measure vertical movement between the axle and frame of a
vehicle (or trailer) and profilometers, designed to measure the longitudinal profile, have
been used to evaluate roughness.

For comparison between agencies, the conversion to the International Roughness Index
(IRI) could be considered as a useful means of summarizing roughness measurements
(20).

Physical Distress: Physical distressis ameasure of the road surface deterioration caused
by traffic, environment and aging.

There are no national standards for procedures to be followed or equipment to be used
for identifying pavement distress. It is, however, acknowledged that the type and cost
of maintenance, rehabilitation and reconstruction will be significantly influenced by the
type, extent and severity of distress.
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Types of distress can generally be categorized into three classes:

§  Fracture (cracking).
§  Distortion (rutting corrugations, faulting).
§  Surface wear or deterioration (raveling, spalling).

Specific descriptions of distress related to asphalt or portland cement concrete
pavements may vary depending on the types of distress encountered in a particular

area. However, the SHRP Distress |dentification Manual has started to provided a
form of national standard (22). In addition, the FHWA isin the processes of developing
pavement condition data collection procedures under the “ Pavement Performance Data
Collection and Processing” project.

Methods for evaluating distress can vary widely, ranging from "windshield" surveys
from amoving vehicle to automated equipment designed to measure and record distress
in aprescribed way. The decision as to which method to use should be made as an
integral part of the PMS development. The primary factors to consider are:
applicability, cost, productivity, quality and quantity of the information obtained. The
most important of these considerations are applicability, quality and quantity. For
example, is there a sufficient amount of useful information and does the information
represent field conditions?

structural Capacity: Structural capacity is the ability of a pavement to accommodate
traffic loadings with little or no cracking or deformation. The most convenient method
of identifying structural capacity is through the use of non-destructive testing (NDT)
equipment. Measurements of deflection, curvature, and joint efficiency can be used as
an indication of structural capacity. Methods of interpretation have been developed by
individual state agencies, industry and associations.

Theinclusion of structural capacity and non-destructive testing in a PM S database will
vary depending on the cost and usefulness of information acquired. Most network
level pavement management systems do not include a routine requirement for non-
destructive testing to evaluate structural capacity. However, most systems do require
site specific evaluations of structural capacity, as well as estimates of remaining life,
before deciding on an optimum maintenance and rehabilitation strategy at the project
level.

safety: The primary role of the pavement with regard to safety, independent of factors
related to alignment or geometrics, is the ability of the pavement to provide an
adequate friction between the road surface and the tire. The measure of frictionis
normally obtained with either the ASTM locked wheel trailer or aMu-meter. Since
most state agencies are required to periodically obtain friction measurements, such
measurements should be included in the PM S database.

Pavement management systems should also include data with regard to accident
locations with provisions for reporting locations with high accident rates.

Segments with low friction values and/or high accident rates should be identified in
PMS reports. Such identification will allow the agency to make an in-depth evaluation
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on a case-by-case basis and to evaluate the need for, and scheduling of, a corrective
action.

Historical: AN important aspect of condition measurementsis the ability to create a
historical accounting of the rate of deterioration over time and under accumulated
traffic loads (feedback). An understanding of what has happened in the past provides
the basis for predicting what may happen in the future. The performance of different
pavement or treatment types under various traffic or environmental conditions helps
answer guestions about what works, where it works, and why it works. Conversely,
what doesn't work, where it doesn't work and why it doesn't work can also be identified
to some degree from historical records. Historical condition data, under awide range
of conditionsin the field, provide very useful information for research and can be used
as afeedback to improve a pavement management system.

Frequency: Pavement condition can be determined at different frequencies such as
annual or biennial. Factorsthat will determine the frequency are pavement age, rate of
change in performance, cost of obtaining data, and the need for timely data.

Sampling coverage, whether partial, total, or random, should be designed to be
representative of in-service conditions and should be extensive enough to track
pavement performance at the network level.

Quality Control: Good quality control of inventory and condition datais essential to the
success of a pavement management system. The data must be accurate, repeatable,
consistent from location to location and from year to year, and representative of what
actually existsin thefield. Training of personnel, calibration of egquipment and
documentation of each, is necessary to assure long term confidence in the system and
its results or output.

M ethods should be developed to monitor the quality of information in the database.
The most likely procedure would be to include a quality assurance requirement based
on random sampling of information. Particular attention should be given to route
locations, pavement areas and pavement conditions, since these itemswill play a major
rolein selecting MR&R actions and for prioritizing projects.

2.7 Current State of Practice in PMS

The state of the practice has evolved considerably since NCHRP Synthesis was
completed in 1987 (17). As previously mentioned, the survey found that * Of
the 53 agencies responding to the survey . . . 35 have some form of a pavement
management system or process and 11 have either a partial systemor they are
in the devel opment process. The seven agencies that do not have a pavement
management system and are not in the process of developing one all said they
plan to establish one. Some of the weaknesses in present pavement management
systems as identified by some of the agencies are: organization, life cycle costs,
ability to predict performance, and the integration of pavement management
systems with other data systems within the agency.” Many states have already
gone through significant improvements to their PM S to satisfy ISTEA
requirements.
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NCHRP Synthesis 222 (23) provides avery good review of the more current state
practice. Inthe summary, the following observations were made:

“Highway agencies use a number of different pavement management methodol ogies to select
projects and recommend preservation treatments for their highway networks. In some cases,
agencies have highly sophisticated computerized processes in place. In other cases, agencies
make decisions based on more traditional approaches to managing the network, including visual
ratings and panel decisions regarding preservation actions. In light of the Intermodal Surface
Transportation Efficiency Act (ISTEA) of 1991, which mandated the use of management systems
(to include pavement management systems) for the selection of cost -effective strategiesto
improve the performance of transportation systems, many highway agencies evaluated their
methodol ogies to determine whether they had the tools necessary to provide this type of
information. However, it should be noted that the passage of the National Highway System
(NHS) legidlation in 1995 made the use of management systems optional rather than
mandatory....

Three predominant methodologies are discussed in this synthesis. pavement condition
analysis, priority assessment models, and network optimization models. (Please note
that these are the three basic methodol ogies described in the 1990 AASHTO
Guidelines) “Based on data collected from a survey of agencies, pavement condition
analysis was the most common methodology, with almost one-half of the agencies
indicating use of this approach to some extent. The remaining agencies were equally
divided among the use of network optimization models, priority assessment models, or
some other approach to pavement management. With primarily three predominant
methodol ogies being used, there are many similarities among agenciesin the basic
pavement management components of data collection and analysis. Even so, similar
objectives for these components resulted in dramatically different data requirements and
analytical techniques among agencies.

Although pavement management has been practiced since the late 1970s, many of the
agencies are still using manual and subjective approaches. Several highway agencies
indicated that their pavement management systems are fully automated; however, the
majority of agencies indicated than only a portion of their system is automated. Of
those agencies, many reported that they would probably never fully automate their
systems.

ISTEA has greatly influenced the pavement management practices of a number of
agencies. Agencieswith previoudly certified PM S were required to be rectified by the
Federal Highway Administration (FHWA), a process that required agencies to upgrade
their existing capabilities. |ssues that agencies were required to address in this regard
included adding multi-year analysis, developing and using prediction models, providing
PMS coverage for non-National Highway System federal-aid highways (including city
and county streets) incorporating life-cycle costs, and considering alternate project or
network strategies.”

In addition to the NCHRP Synthesis 222, the FHWA conducted a survey of all the
states in 1996 to document in some detail the status of their existing pavement
management systems.

The following tables summarize responses to the 1996 survey and provides a detailed
summary of the current practicein PMS.
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Table 2.1 Pavement Management System - PMS Database: Inventory Data +

Yes Under Considering No No
Development In Future Answer
1. Pavement Type 51 1 0 0 0
2. Pavement Width 44 6 2 0 0
3. Shoulder Type 37 9 5 1 0
4. Shoulder Width 36 8 6 2 0
5. Number of Lanes 50 1 1 0 0
6. Layer Thickness 30 16 5 1 0
7. Joint Spacing 17 10 6 18 1
8. Load Transfer 16 7 6 22 1
9. Sub-grade Classification 15 13 8 16 0
10. Material Properties 9 14 18 10 1
11. Resilient Modulus 3 12 16 19 2
12. Drainage 12 7 13 20 0
Table 2.2 Pavement Management System - PMS Database: Project History
Yes Under Considering No No
Development In Future Answer
1. Construction 41 11 0 0 0
2. Rehabilitation 39 13 0 0 0
3. Maintenance 28 18 6 0 0
Table 2.3 Pavement Management System - PMS Database: Condition Survey
Yes Under Considering No No
Development In Future Answer
1. Ride 50 2 0 0 0
2. Rutting 48 2 0 2 0
3. Faulting 31 8 4 8 1
4, Cracking 50 1 1 0 0
5. Surface Friction 39 7 3 3 0
6. Network-Level Deflection 5 9 15 22 1
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Table 2.4 Pavement Management System - PMS Database: Distress Data

Yes Under Considering No No
Development In Future Answer
1. High Speed Windshield 9 1 1 41 0
Survey at 30 to 55 MPH
2. Low Speed Survey at 0 to 18 0 0 33 1
10 MPH
3. Combination of High and 13 0 0 39 0
Low Speed
4. 35 MM Film Viewed at a 1 0 1 49 1
Workstation
5. Videotape viewed at a 20 5 6 20 1
Workstation
6. Distress Identification 37 2 4 9 0
Manual with Pictorial
References Used to
Calibrate Extent and
Severity
7. Fully Automated. 4 5 18 24 1
Specify Equipment **
*x See Distress Equipment Report
Table 2.5 Pavement Management System - PMS Database: Traffic/Load Data
Yes Under Considering No No
Development In Future Answer
1. Does the PMS contain:
a. Annual ESAL'’s 21 18 10 3 0
b. Forecast ESAL’s 11 16 15 10 0
c. Cumulative ESAL’s 10 18 17 7 0
2. Does the PMS have an ESAL flow map that is route specific?
7 14 19 11 1
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Table 2.6 Pavement Management System — Investment Analysis: Prioritization Summary

Yes

Under
Development

Considering
In Future

No

No
Answer

1. Does the PMS office/unit produce a multi-year prioritized list of recommended candidate projects

(this is considered a “first cut” list)?

31

20

2. What method does the PMS use to produce the multi-year prioritized list of projects?

a. Subjective

b

1.
2.

. Objective

Priority Model

Incremental Benefit
Cost

Marginal Cost

Effectiveness

a.

Optimization

Linear
Programming

Non-Linear
Programming

Integer
Programming

Dynamic
Programming

Other (Specify)

4

24
10

1

10

0

44

17
24

31

26

40

42

39

43

3. If the answer to questions 2(b) is Yes or Under Development, who developed the Software?

In House: 16

Contractor: 35

4. Check the factors used to prioritize projects

a. Distress

b. Ride

c. Traffic

d. Functional Class

e. Skid

f. Structural Adequacy
g. Other (Specify)

46
41
38
33
19
14
20

N w O N e

No Answer:

~N NN O

17

1

r B O O O O
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Table 2.7 Pavement Management System — Investment Analysis: Pavement Performance Monitoring
and Projection Summary

Yes Under Considering No No
Development In Future Answer

1. Does the PMS monitor pavement performance?

37 13 1 1

2. Check all the pavement indices used to monitor pavement performance:

a. Ride 38 9 3 2 2
b. Distress 42 7 2 1 1
c. Combined Index 26 10 4 12 12
d. Other (Specify) 16 36

3. Is load data (cumulative ESAL'’s) used to monitor pavement performance?

8 20 20 4 0

4. Does the PMS generate pavement performance curves?

25 21 5 1 0

5. Are the curves developed for?
Family of Pavements 27 16 6 3 0
Each Pavement 19 13 11 9 0

6. Does the PMS monitor and predict performance using?
Markov Transition 7 7 7 30 1
Semi-Markov Transition 1 2 9 39 1

7. Does the PMS monitor and predict performance using another method?
35 17 *

** No Answer counts as a no

8. Does the PMS compute the Remaining Service Life of the network?

14 29 9 0

9. If the answer to questions 8 is Yes or Under Development, who developed the software?

In House: 1 Contractor: 0 No Answer: 0
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Table 2.8 Pavement Management System — Investment Analysis: Preservation Treatment Summary

Yes Under Considering No No
Development In Future Answer

1. Does the PMS assign a preservation treatment to a candidate project?
35 17 0 0

2. If the answer to question 1 is Yes or Under Development, which groups of treatments does the PMS
cover?

a. Reconstruction 36 10 1 5
b. Rehabilitation 40 12 0 0
c. Maintenance 33 13 1 5

3. What method is used to assign a preservation treatment to a candidate project?

a. Subjective 5 1 1 44 1
b. Objective

1 Matrix 8 6 2 35 1
2. Decision Tree 18 14 5 15 0
3. Cost Benefit 10 9 7 25 1
4.  Optimization Method 14 17 5 15 1

Listed Previously
5.  Other (Specify) 10 42

4. If the answer to question 3(b) is Yes or Under Development, who developed the software?

In House: 15 Contractor: 36 No Answer: 1

5. Does the PMS do a life-cycle analysis for the recommended preservation treatments?

20 26 6 0

6. If the answer to question 5 is Yes or Under Development, who developed the software?

In House: 18 Contractor: 30 No Answer: 4
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Table 2.9 Pavement Management System — Investment Analysis: Products and Update

Yes Under Considering No No
Development In Future Answer

Products

A. Is the PMS’s multi-year prioritized list of recommended projects used as input in the development of

1. Pavement Preservation 35 14 3 0
Program

2. Statewide 31 18 3 0
Transportation
Improvement Program
(STIP)

3. Transportation 29 18 5 0
Improvement Program
(TIP)

B. Is the PMS’s multi-year prioritized list (first cut) compared to the final approve list of pavement
preservation projects for reasonableness?

24 15 11 2 0

Update

A. Does the SHA annually evaluate and update the PMS relative to the agency’s policies,
engineering criteria, practices, experience, and current information?

33 13 5 5
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3.1 Introduction

This module covers several topics, al related to aPM S database. The module begins
by introducing relational databases. This discussion starts with some of the basic
concepts generally involved in databases, then moves toward explaining some of the
issues regarding roadway datain a database. Following this, location referencing
systems are presented, followed by an introduction on Geographic Information Systems
(GIS) and how they relate to pavement management. Finally, a general description of
Glaobal Positioning System (GPS) is also included.

3.2 PMS Databases

What is a database system? It is a computerized record-keeping system consisting of
the dataiitself and a set of programsto store, search, and manipulate that data.
Databases are basic tools and processes for anyone who collects, sorts, distributes or
analyses data. Pavement Management Systems are built around databases. The
information needed to devel op decision recommendations must be based on the date in
the database. Some have used the analogy that the database is the heart of a Pavement
Management System. The development of computerized database management
systems, especially microcomputer based database management systems, has been a
major contributing factor in the development, implementation, and maturation of
pavement management systems

A number of database management systems are available for pavement management
applications. There are many ways of organizing databases on a computer. Network
databases, hierarchical databases, and relational databases are among the most popular.
These types of databases differ in the way they physically manage the storage and
retrieval of data. Hierarchical databases are perceived by the users as atree in which
they must start at the root and follow specific branchesto get to a particular data
element that they want. Network databases are similar to hierarchic ones except any
particular data element can be attached to more than one branch. In ahierarchica
example, the database would not ook like atable at all. In this casg, the tree would
perhaps have district numbers at itsroot. Each district would then have a number of
mai ntenance sections or branches. Each section of road would be described by data
elements. To find the number of lanes of a particular segment of road using this
arrangement, you would have to know what district the segment was in, then the
maintenance section, and finally what highway. (20)

Relational databases allow the user to perceive the database as a collection of tables.

Of the three, the relational database is also the only one that is based on mathematical
theory. 1n 1969, Dr. E.F. Codd published the first paper describing the application of
relations (in amathematical sense) to database management. Codd’ s most recent book,
The Relational Model for Database Management, Version 2, (16) presentsthe
relational model from a mathematical point of view.
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In recent years, the relational model has generally become the de facto standard for
database design. Thisis due to both the power of the relational model itself, and its
ability to provide a standard interface called Structured Query Language (SQL ) that
allows many different database tools and products to work together in a consistent and
understandable way.

Revational Treories ano Derinmons: NO discussion regarding relational database would be
complete without a brief introduction to the theory itself. Many casua database users
incorrectly believe that the relational model gets its name because it can “relate” many
tables of data. In fact, the relational model getsits name from the “relation” which in
mathematical termsisaset. A relation has special propertiesin mathematics of which
three are notable. First, al of its elements are tuples, which consist of attributes.
Second, all tuples must be distinct from one another in content. And, third, the order of
tuplesisimmateria. (16)

Relational database presents the relational model to its users so they perceive the
relation as atable, the tuple as arow and the attributes as columns.

Tables, Fields, and Records: The database table can be viewed as a set of rows and
columns. In arelational database, the rows are called records and the columns are
called fields. For example, atable of road sectionsin a PM S database might look like
Table 3.1.

Table 3.1 Road Section Table

Section 1D From To AADT Func Class Min Width
d 0.0 1.0 1000 ART 1500
e 1.0 3.0 500 COLL 1000
f 3.0 5.0 100 ART 1500

Each row in the tableis arecord that contains all of the information about a particular
road section, and each record contains the same types and number of fields: Section ID,
From, To, and so on.

Keys: A keyisafield or fieldsin the table used to access the datain the table. Keysare
alwaysindexed for fast retrieval. A key can be unique or non-unique, depending on
whether duplicate values are allowed. A unique key can be designated as the primary
key for the table, which designates it as the unique identifier for each row of the table.
In the preceding example, for instance, the section identifier (Section ID) is the Road
Section Table' s primary key, because the Section ID uniquely identifies one and only
one road section.

Relationships: A relational database is typically composed of more than onetable. These
tables can be related to one another in various ways. For example, the PM S database
might also have atable listing al of the condition surveys performed in the pavement
network (the Condition Table). Rather than repeating all of the road section
information for each entry in the Condition Table, it could contain asingle field that
referred to the road section where the condition was surveyed, as shown in Table 3.2.
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Table 3.2 Condition Table

Survey Sheet No. Section Y ear % Cracking Rut
ID Depth

1028347 d 1985 10 0.2

8472039 e 1985 20 0.2

8437620 f 1985 15 0.2

6778902 d 1986 15 0.3

In Table 3.2, the Section ID field refersto the Section ID field in the Road Section
Table, relating the condition to the road section on which it was measured. Notice that
road section d (From 0.0 To 1.0) was surveyed in 1985 and 10% cracking was
recorded. The same section was surveyed again in 1986 and 15% cracking was
measured. The key that establishes the relation from the Condition Tableis called a
foreign key, because it relates to the primary key of a“foreign” table (the Road Section
Table).

The type of relation shown in the preceding table is called a one-to-many, because one
road section can have many condition surveys performed on it, but a particular
condition survey is performed on one and only one road section. In arelational
database it is also possible to facilitate relations that are many-to-many. For example,
there may be a Construction History table that lists al of the contracts that are
performed on the road network, asin Table 3.3.

Table 3.3 Construction History Table

Contract Number From To Y ear Work Type Unit Cost
100 0.0 5.0 1955 Construct 100000
200 0.0 1.0 1986 Overlay 50000
300 1.0 3.0 1987 Overlay 50000
400 3.0 5.0 1988 Overlay 50000

In Table 3.3 we can see that there is a many-to-many relationship between road
sections and contracts. That is, one road section can have many contracts performed on
it, and one contract can perform work on many road sections. A many-to-many
relationship is facilitated by creating two separate one-to-many relationships, with the
common “many” table containing foreign keys to both of the other tables. This
relationship becomes clearer, if we create a“junction” table by joining the Section ID
field from the Road Section Table to the Contract Number field from the Construction
History Table, asin Table 3.4.

3-3




RELATIONAL DATABASES & LOCATION REFERENCING SYSTEMS

Table 3.4 Example of a Junction Table

Contract Number Section ID
100 d
100 e
100 f
200 d
300 e
400 f

Normalization: Thetask of the database designer isto structure the tables and
relationships between them in away that eliminates unnecessary duplication and
provides arapid search path to all necessary information. The process of dividing the
database into separate tables and rel ationships that meet these goalsis called
normalization.

Normalization is a complex process (particularly in large databases) with many specific
rules and different levels of normal form. A complete discussion of this process can be
found in Ref. (17) and is beyond the scope of this discussion. However, normalizing
most simple databases can be accomplished by following a simple rule of thumb:
significantly reduce duplicate data. Notice the words * significantly reduce” are used
rather than “eliminate.” The reason for thisisthat sometimes it may be more work than
necessary to eliminate all occurrences of duplicate information, particularly in small
databases.

We have two occurrences of duplicate datain our example. First, the Fromand To
datais repeated in the Construction History Table, and in the Road Section Table.
Second, the Minimum Width, which is related to the functional class, is also duplicated
in the Road Section Table.

With respect to the first duplication, since the Junction Table relates the Construction
History Table to the Road Section Table, and since the From and To data for each road
section is aready stored in the Road Section Table, the From and To fieldsin the
Construction History Table can be removed without any loss of information. Thisisa
good example of performing “non-loss decomposition” described by Date. (17) See
the Modified Construction History Table, Table 3.5 for an example of this feature.

Table 3.5 Modified Construction History Table

Contract Number Y ear Work Type Unit Cost
100 1955 Construct 100000
200 1986 Overlay 50000
300 1987 Overlay 50000
400 1988 Overlay 50000

With respect to the second duplication, if there are 1000 arterial road sectionsin the
network, each Arterial Minimum Width will appear 1000 times. To avoid this
inefficiency, the table should be normalized by dividing it into two separate tables, one
for Road Sections and one for Standards, as follows.
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Table 3.6 Modified Road Section Table

Section ID From To AADT Func Class
d 0.0 1.0 1000 ART
e 1.0 3.0 500 COLL
f 3.0 5.0 100 ART

Table 3.7 Standards Table

Func Class Min Width
ART 1500
COLL 1000

Because the tablesin our example PM S database are now normalized, changing the
location for a particular road section, or changing the minimum width for a particular
functional class can now be accomplished by changing asingle record.

To reiterate an extremely important fact, this exampleis given only to present the ideas
and conceptsinvolved in creating and normalizing arelational database. It should not
be used as a guide for building a custom PMS database. This processis not astrivial as
the example implies.

Structured Query Language: NO discussion regarding relational databases would be
complete without mentioning Structured Query Language (SQL) SQL is commonly
pronounced as “sequel” rather than “ess cue ell,” although both pronunciations are
acceptable. SQL isthe official standard language for dealing with relational systems
and is defined by an ANSI standard.

SQL is supported by most commercial database products although specific
implementations of SQL have minor variations from the defined standard. However,
the overall structure and functionality of the language is very consistent from vendor to
vendor. If aprogrammer has used any implementation of SQL, transition from one
product to another will not be difficult.

SQL isa*“non-procedura” language. This means that the programmer issues a
command requesting aresult and SQL decides how it can best achieve that result.

The SQL language is composed of commands, clauses, operators, and aggregate
functions. These elements are combined into statements used to create, update, and
manipul ate databases. SQL provides both data definition language (DDL) and data
manipulation language (DML) commands. Although there are some areas of overlap,
the DDL commands allow a programmer to create and define new databases, fields,
and indexes, while the DML commands let a programmer build queriesto sort, filter,
and extract data from the database.

To give an example of what an DML SQL statement looks like, consider our the two
tables presented earlier called the Road Section Table and the Standards Table.
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If you wanted to see the Section ID, From, To, AADT and Min_Width values for all
road sections with an AADT greater than 500, the SQL statement would be:

SELECT [Road Section Tabl€].[Section D],
[Road Section Table].[From],
[Road Section Table].[To],
[Road Section Table].[AADT],

[Standards Table].[Min_Width]

FROM [Road Section Table]
INNER JOIN [Standards Table]
ON [Road Section Table].[Func_Class]

= [StandardsTable].[Func_Class]

WHERE [Road Section Table].[AADT]>500;

Translated to English this statement reads: “ SELECT (these fields) FROM (this table)
and (that table) by JOINing (this table) to (that table) using common valuesin the
Func_Classfield, but only include those records from both tables when AADT is
greater than 500.” Notice that the statement does not say how to perform the join, it
just saysdo it.

Data: When building arelational database, little regard often is given to the main
ingredient of the database. That main ingredient isdata. This section points out afew
important facts regarding data. These facts do not necessarily have to be considered
during the design and implementation of a PM S database, however, it isirresponsible
not to mention them in the context of PM S database design.

Data Versus Information: Thus far in the discussion the terms “data’ and “information”
have been treated as interchangeable. In fact, thereis, or ought to be, aclear
distinction. Thisdistinction isimportant because it highlights the need for software
and the use of hardware. Theterm “data’ refers to the values physically recorded on
the hardware by the database management system. The term “information” refersto
the meaning of those values as understood by the user. Software ought to allow the
user to supply “information”, store that information as “data” and allow the user to
retrieve that “data’ as“information” again. “Data’ asit existsin the database
management system on the hardware is meaningless without software. (17)

To help illustrate this point, the earlier example used the values of 1500 and 1000 for
the minimum width and intentionally did not give the units. The values of 1500 and
1000 are valid as far as the database management system was concerned. |t stored
them and retrieved them on demand. However, any pavement engineer would have
had a puzzled look on hig’her face when examining them because they are obviously
not in the traditional units of meters or feet. This minimum width datais therefore
useless until the units are communicated.

Because of the confusion that would result in using these terms precisely, they will be
treated as synonymous for convenience in the remaining text.
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The VIIsA Rule: The VIISA database rule is easily remembered by thinking of its acronym
asthe credit card. It saysthat database designers ought to consider the following items
when designing and implementing a database: Validity, Integrity, Independence,
Security and Accuracy. Any database that is designed and implemented without
regarding these items is doomed.

validity: refers to the fact that the given value stored in the database is correct. To
ensure this, the data must adhere to some test while being entered. Tests such as
staying within certain limits, or belonging to alist of acceptable values, are common.

Integrity: refers to the fact that one value is the same throughout the database. When the
same datais stored in two or more places in the database, it must dways be equal. To
ensure this, one piece of data should be stored only once or at most twice. The process
of normalization is used to help with this. When the same datais stored in more than
one place in the database, programs must be built to ensure integrity if they are not
provided by the database management system. For instance, arelationa database
needs a guarantee of Referential Integrity, in which the data used for relating is always
internally consistent. In the example used earlier, Referentia Integrity would be
violated, if the user entered aValue of “COLLECTOR” in the Standards table, because
the Road Section tablerefersto it as“COLL.” Most modern database management
systems provide functions to help maintain referentia integrity. However, these are
never automatically imposed; they must be intentionally specified by the user.

Independence: refers to the degree to which the datais isolated fromitsend use. If data
is collected and stored for one specific use, that datais dependent on that use. In other
words, the data is not independent. When data is not independent, it istypicaly
difficult to apply it to other uses. Inthe example used earlier, a condition table (Table
3.2) was included which had road sections up to two mileslong. This condition table
was given in the context of a PM S database in which it istypical to aggregate the
condition up to road sections that long. However, if thiswere the only database in the
agency where the condition data were stored, and if the agency wanted to identify
localized rutting problems, this data would be usel ess because the rut depth would be
stored as atwo-mile average.

security: refers to the degree to which the datais exposed to danger. There are two areas
of security: protection of unauthorized use and prevention of loss. To guard against
these, a database needs a security system and a backup procedure. Failure to consider
either is an invitation for a catastrophe.

Accuracy: refersto how closely the data value represents the truth. Roadway datais
always an approximation of the truth. The required accuracy requirements of the data
in the database must be defined and communicated. The database system (which in
this context refers to more than just software) must ensure the data represents the actual
situation at the indicated location and time to this defined requirement.

3.3 Roadway Data

Inrropuction: NOW that afew general concepts regarding databases have been
introduced, it istime to get into some specifics about why roadway data
presents such a challenge to database designers.
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In pavement management, the road sections being analyzed must be homogeneous.
According to acommonly accepted definition, a homogeneous roadway section means
a section over which the data describing that section is constant. This sounds clear and
simple, but in real life the concept of homogeneous section is not that ssmple.

Inasimple PM S database, an agency would have one table describing the road sections
being analyzed. One row in this table represents one road section. These sections are
typically called “control sections’, “uniform sections’, or “candidate project sections’.
The biggest problem with the one table approach is to decide how long, or short the
road sections should be. Two opposing issues are confronted. On the one hand, the
table must define the sections sufficiently so the required validity and accuracy of the
data can be maintained. On the other hand, the sections must be sufficiently long to
represent reasonable projects to be analyzed by the PMS. In the end, the trade-off ends
up forcing the user to break one of the most important V1I1SA rules, data independence.
Thisruleis broken because the data is dependent on the original definition of the road
section.

Contrary to the one table approach, arelational database offers the possibility of
keeping the two issues separate. Since arelational database can consist of many tables,
a PM S database can have a different table for each different type of dataneeded. Each
table contains a different set of data that describes a different set of road sections.
Hence, each table has a different definition for section lengths and homogeneity. The
sections only have to be homogeneous for the data contained in that particular table.
This does not break the data independence rule of VIISA.

Using this approach alows the user to define an entirely different set of sections with
an entirely different definition of homogeneous whenever it is necessary to perform the
pavement management analysis. In this case, however, awhole new level of
complexity enters the database design stage. The issues associated with this
complexity are discussed in the following sections.

Reatine Two Roap Section Tastes: 10 begin with, relating roadway tables to one
another isnot atrivial process. Consider the following two tables which both
have sections that describe the same road.

Table 3.8 Road Section Table One

Section 1D Road From To AADT
d A 0.0 1.0 1000
e A 1.0 3.0 500
f A 3.0 5.0 100

Table 3.9 Road Section Table Two

Section 1D Road From To Maint Cost
q A 0.0 2.0 100
r A 2.0 5.0 240

Critically examining these tables reveals a number of problems.
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First, there is a dependency between records within each table. Because the To address
of onerecord is equal to the From address of the next implies that avalue in record two
is dependent on avauein record one. Recall from the relational theory given earlier
that the first property of arelation (table) isthat the tuples (records) are distinct from
one another in terms of content (16). This does not seem to be the case in these tables.
Also, there is an implicit requirement that these records be kept in order to facilitate the
dependency. Recall that the third property of arelation mentioned earlier is that the
order of thetuplesisimmaterial. Therefore, by their vary nature, it seems as though the
tables do not conform to the relational theory.

The second problem compounds thefirst. That is, these tables have a many-to-many
relationship between them. According to the earlier discussion on normalization, we
must facilitate this many to many relationship by building a Junction table. What
should the junction table contain? There is nothing in common between the two tables
except the road name. To make matters even more complicated, section q in Table 3.9
relates to section d and half of section ein Table 3.8 (as can be deduced from the From
and To values).

Creating this Junction table is not as simple as it may appear. For example, it appears
as though the following Junction table satisfies our needs:

Table 3.10 Junction Table

Section ID (One) | Section ID (Two)
D q
E q
E r
F r

At first glance we have created two-one-to many relationships to replace the original
many-to-many relationship. However, the fact that section q relatesto half of section e
is not obvious from the relationship. And, when things are not obvious, relational
databases experience trouble.

These two problemsillustrate why it is so difficult to build arelational database for
PMS data.

After the relationship has been established, two processes are important: Dynamic
Segmentation and Concurrent Transformation.

Dvnamic Seamentation: Dynamic Segmentation is a process where the road sections from two
or more tables are split to form another table whose road sections are the smallest
common denominator between the original tables. Thisfacilitates the “show me” kind
of reports which are common for PM S databases. It is easy to illustrate Dynamic
Segmentation by drawing strip maps of road A from our example (see Figure 3.1).
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Figure 3.1 Example of Dynamic Segmentation

0.0 1.0 2.0 3.0 5.0
AADT 1000 500 100
Maint Cost 100 240
1000 500 500 100
100 100 240 240

After performing Dynamic Segmentation, the process of identifying pieces of road with
certain characteristics (i.e., doing a“show me’ query) iseasy. For example, “ Show me
all the pieces of road where AADT >= 500 and Maint Cost > 200.” The answer isthe
piece of road from 2.0 to 3.0.

Concurrent Transrormation: Unfortunately, Dynamic Segmentation does not accomplish
everything needed to process disparate tables in a PM S database because, it is often
impractical to perform life-cycle cost analysis on the smallest common denominator
sections that result from Dynamic Segmentation. When three, four, five or more tables
are joined using Dynamic Segmentation, the resulting sections become too small to
serve any practical purpose other than the “ show me” queries.

It isacommon practice for a PM S to define sections we referred to earlier as“ control
sections’, “uniform sections’, or “candidate project sections’ for the life-cycle cost
analysis. These are different than the smallest common denominator sections resulting
from Dynamic Segmentation. Therefore, if these PM S sections are to get their data
from many tables in the PM S database, a processis required to perform this. Although
similar to Dynamic Segmentation, this processis different and warrants a descriptive
term of itsown. The term “Concurrent Transformation” (14) is preferred.

Concurrent Transformation is also best described by drawing a strip map from our
example tables (see Figure 3.2).

Figure 3.2 Example of Concurrent Transformation

0.0 1.0 2.0 3.0 5.0
AADT 1000 500 100
Maint Cost 100 240
Transformed
to Table One 1000 500 100
50 130 160
Transformed
to Table Two
750 233
100 240

The two lines at the bottom of the strip map show what the data would look like, it was
transformed to the sectionsin table one and to the sectionsin table two, respectively.
Notice how the values have changed during the transformation. The calculations
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performed on the values during Concurrent Transformation are based on the
Transformation Class, which is discussed in the next section.

Transrormation Crasses: DUring Concurrent Transformation different types of dataare
treated differently. Depending on the type of data, the associated values can be
manipulated in several ways. For example, numeric data types can be summed or
averaged while string data types cannot be. To facilitate a discussion the different
calculations can be categorized into groups, called Transformation Classes. Although
there are many Transformation Classes, seven common classes will be presented
below: (1) weighted average, (2) sum, (3) maximum value, (4) minimum value, (5)
statistical average, (6) first occurrence, and (7) most length.

Weighted average: 1S the most common Transformation Class for transforming numeric
datavalues. The basic calculation isto sum the results of multiplying the value and
length of the section the value is on, and then divide all this by the total length of al
sectionsinvolved. A good example for this Transformation Classisin Figure 3.2 when
the Average Annual Daily Traffic from Table 3.8 was transformed to the first section
of Table 3.9. Thevalue of 750 was arrived at using Equation 3.1. The length of the
portion of the first section transformed from Table 3.8 is represented by the (1.0 - 0.0)
expression in the equation. Similarly the length of the portion of the second section
transformed from Table 3.8 is represented by the (2.0 - 1.0) expression in the equation.

Equation 3.1 Example of weighted average calculation.

750 = ((1000 * (1.0 - 0.0)) + (500 * (2.0- 1.0))) / (1.0 - 0.0) + (2.0- 1.0))

NoTE: The milepoint location reference method (defined later) was used to remove
unnecessary complications from the example. In fact, if another location reference
method were used, the expression calculating length would be done by a function
where the from and to locations were passed in as parameters. For example if
milepoint 0.0 were address “a” and milepoint 1.0 were address “b” the above
expression (1.0 - 0.0) would be replaced by something like: CALC_DIST(a,b). The
CALC_DIST function would be provided by the location reference system (defined
later) which would return the distance between address “a’ and address“b.”

sum: calculates the weighted sum of the valuesinvolved. This Transformation Classis
also only used for numeric data values. The basic calculation isto sum the results of
multiplying the value by the portion of the length being transformed compared to the
length of the section the valueis on. A good example for this Transformation Classis
in Figure 3.2 when the Maint Cost from Table 3.9 was transformed to the second
section of Table 3.8. The value of 130 was arrived at using Equation 3.2. The portion
of the length of the first section transformed from Table 3.9 is given by the expression
(2.0- 1.0)/(2.0- 0.0) in the equation. Generically, this portion can be expressed as
(Iength of section being transformed / total length of section).
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Equation 3.2 Example of the Sum Transformation Class

130 = (100 * (2.0 - 1.0)/(2.0- 0.0)) + (240 * (3.0 - 2.0)/(5.0 - 2.0))

Maximum value: finds the maximum of al target valuesinvolved. This Transformation
Classisaso only used for numeric datavalues. In a PMS database, this
Transformation Class can be used to cal culate the maximum deflection. For example,
if deflections stored according to 0.25km sections were transformed to 1km sections,
the value transformed would be the maximum of the four source values.

Minimum value: finds the minimum of al target valuesinvolved. This Transformation
Classisaso only used for numeric datavalues. In a PMS database, this
Transformation Class can be used to calculate the minimum skid number. For
example, if skid numbers stored according to 0.25km sections were transformed to 1km
sections, the value transformed would be the minimum of the four source values.

statistical average: SUMS the values involved and divides by the number of occurrences.
This Transformation Class is also only used for numeric data values. For example, the
average snowfall can be calculated this way.

First Occurrence: finds the first occurrence of a source value if one were driving aong the
road. This Transformation Classisonly used for values that are not numeric (i.e.,
string, date and logical datavalues.) For example, consider a PM S database with a
table describing the local road name. If two local road name sections were transformed
into one larger section, one way to get the local road name for the larger section would
be to arbitrarily take the first local name encountered. Using similar logic alast
occurrence Transformation Class can be defined.

Most length: sSUmSs all the lengths associated with each value involved. This
Transformation Classis also only used for non-numeric data values. To perform the
Transformation Class, the Concurrent Transformation process must keep track of the
length associated with each source value. The value transformed would then be the
source value representing the largest length within the target section. For example,
consider a PM S database with a table describing the pavement type. If the target
section consisted of more than one pavement type section, then the most logical way to
transform the pavement type to this larger section would be to take the pavement type
representing the largest portion of the target section.

Concuoine Remarks: ASillustrated in this section it is very difficult to define arelationship
between two or more disparate road section tables. This difficulty is compounded
when we add the concept of aroad section table, which can include overlapping
sections. Not to mention adding other tables that describe point objects such as
accidents where many accidents can occur at one location and one accident can occur
at many locations (at an intersection.) This discussion was intentionally kept brief so
that the idea that the exercise is difficult can be made, rather than proving exactly how
difficultitis.

The second point demonstrated in this section, is that even after the relationship has
been produced, by its very nature road data requires some cal culations that are not
common for other types of data. Given the fact that SQL is“non-procedural” and that
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it does not have an inherent function for calculating the weighted average, writing an
SQL statement to get the weighted average is extremely difficult. For example, the
following SQL statement will give the weighted average of the AADT for the entire
road A from our example Road Section Table:

SELECT Sum([Road Section Table]![To]-[Road Section Table]![From]) AS Exprl,
Sum([Road Section Table]![AADT] *
([Road Section Tabl€]![To]-[Road Section Table]![From])) AS Expr2,
[Expr2]/[Exprl] AS Expr3

FROM [Road Section Table]

GROUP BY [Road Section Table].Road

HAVING [Road Section Table].Road = "A";

This example SQL statement was made simple by only involving calculation of one
field from one table. Even still, a PM S database system requiring users to write such
SQL statements would be considered “hard to use”. Not only doesit require the users
to understand SQL in some detail, but, it requires them to understand which dataitems
require which transformations.

For these reasons, it is common for a highway agency to build a shell around their PMS
database. Such a shell would manage V1ISA rules, the relationships, the location
reference system and the building of SQL statements. Building shellslikethisis
expensive and time consuming. They are available ready made, however, and can be
purchased.

3.4 Other Database Issues

Most agencies have severa different and independent data systems. It isnot
uncommon for an agency to have an accident system, atraffic system, and a pavement
inventory system to name afew. One of the most unfortunate issues about pavement
management systemsis the fact that they need many different kinds of data from many
of these different systemsin an agency. This need often gives rise to the need for
developing a database that integrates all data together. Building an integrated database
for just pavement management can be so daunting that many agencies elect to build an
integrated database for the entire agency. Unfortunately, the development of many
pavement management systems has been stopped until the integrated database is ready.

Intecratep Datasase: 10 Minimize expense al agencies should practice the data
independence rule for all data and should place the data from all these systemsin an
integrated database. To develop this strong agency-wide data sharing, however, the
agency needs effective methods of handling, sharing, and usage of data already
available. To manage this, the agency usually has an organizational and technical unit
whose main responsibility is the sharing of data.

An effectively integrated database insulates each contributor and end user of datafrom
most of the problems of datainterchange and collection. The integrated model isa
high-quality solution to the data-sharing problem. The fundamental requirement of an
integrated database system environment is that one system furnishes and receives
information relevant to other management systems. The first step along this path is
data independence.
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The benefits of integration are substantial. Effective integration matches available data
to each user’ sresponsibility. A well-integrated database makes the task of finding the
relevant data much less time consuming and more reliable. Integration provides a
convenient means for each data-producing organizational unit to make its data
available to others. The most significant economic benefit of integration is the use of
historical datain estimations. When money is scarce, good information and strategy
can stretch it further.

Integrated database systems can be implemented on many different platforms or
combinations of platforms. Generally there is some central computer system (though
this may be absent in a distributed database), separate computers or terminals for each
user, possibly some shared intermediate computers, and data communication linkages
among all these systems. The main differencesin architectures are the extent to which
computing power is centralized or decentralized, and the role of intermediate
computers.

smano-Acone:  The first choice an agency can make regarding the integrated database isto
have all software and data reside on a mainframe and all users dial in to the mainframe
to use the system. These configurations are good for individual management systems,
but, have so many practical limitations that they are seldom used for having al
management systems access one central integrated database.

Distrisuten Damasase: 1N @ distributed database data are physically located on many
interconnected servers or workstations. Distributed databases do not require any
centralized computer. Instead, each workstation automatically accesses the data it
needs directly from the data’ s source workstation through automated protocols, at the
moment when the data are needed. Each workstation must be relatively powerful and
the network must provide high data-transfer speed. These system are relatively
inflexible because database changes can occur simultaneously on every workstation.

Distributed databases are useful in situations like banking, where the local data and
data processing can be distinguished from corporate data and data processing. They
are not popular for developing and implementing integrated highway databases.

cuent-Server: A halfway point between centralized and distributed computer databases
systemsis aclient-server system. The client server configuration is very popular and
seems to be the trend for integrated highway database devel opment.

In this case a central database is resident on a central computer, but the server’s only
roleisto act as a collection and distribution point for data. The server computer is
fully dedicated to the database management task, so all reporting and analytical
software is resident on the client workstations or on local-area network servers acting
asclients.

The idea behind a client-server arrangement is that the power isfocused whereit is
most needed, at the server. Client stations make requests for subsets of the data by
passing the server an SQL statement. The server executes the SQL statement on the
massive database and passes back to the client only the requested data. Thisway most
of the processing is done on the server.
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The workstations usually are microcomputers, the server can be mainframe, mini, or
micro computer depending on the volume of data and the speed required. The user
interface runs on the workstation, the database software runs on the server, and a
network links them together.

The client-server arrangement is popular for devel oping integrated highway databases
because it facilitates building the * shell” around the database as mentioned earlier.

3.5 Location Referencing
Much of the material presented in this section is based on a paper first published at the
Third International Conference on Managing Pavements (9).

Dervmons: VWhen discussing location referencing it is very helpful to define aclear set of
terms and use them precisely. The following terms are used consistently in this
chapter. These definitions will be expanded later when each issue is discussed.

Thelocation of apoint isthe particular position that point exists on aroad.

The address of apoint on aroad is a sequence of numbers and/or characters used to
uniquely and unambiguously represent the location of that point. No two locationsin
the entire pavement network have the same address. Y et, the same location can have
an infinite number of addresses.

The primary direction isthe direction in which aroad issaid to “run.”

The positive direction for undivided highwaysisthe primary direction. For divided
highways the positive direction is the direction of travel on each side.

The negative direction is the direction opposite to the positive direction.

The offset isalinear distance along the road that is often used in the addr ess when the
addressis expressed in relation to a known point. A positive offset indicates the offset
was measured in the positive direction from the known point. A negative offset
indicates the offset was measured in the negative dir ection from the known point.

The mile point isthe offset in miles from the beginning of the road in the primary
direction.

The mile post isapost placed aong the road, with a number placed on it representing
the mile point of the post.

Thereference post is apost placed along the road, with an identification number that
is unique to that post.

Thereference point is apoint on the road which can be easily identified and whose
identification number and location is known.

The location reference method is aset of procedures used in the field to identify the
address of any point.

The location reference system is a set of procedures used in an agency to manage al
aspects of location referencing.

3-15




RELATIONAL DATABASES & LOCATION REFERENCING SYSTEMS

Locaion Rererencive Systews: T he most important issue regarding location referencing isto
make a clear distinction between alocation reference system and alocation reference
method. Nationa Cooperative Highway Research Program (NCHRP) Synthesis of
Highway Practice 21, (10) defines the difference between system and method when it
states:

Thereis a definite distinction between a highway location
reference system and a highway location reference method, the
former being a larger set of office and field procedures that
includes the latter. The method is seen by the user inthefield as
away to identify a single location; i.e., to reference a specific
position with respect to a known point. The systemis seen as
the procedures that relate all locations to each other. It
includes techniques for storing, maintaining, and retrieving
location information.

To manage location referencing a highway agency must have one, and only one,
location reference system. A location reference system, like al information systems,
requires separate components to acquire, store, manipulate, retrieve and distribute
information. Typical location reference systems are a mixture of manual procedures
for data acquisition and distribution, and computerized procedures for data storage,
manipulation, and retrieval.

A well conceived location reference system will have several computerized functions.
These functions must provide some basic information required for manipulating
location information. Three of these functions are worth noting.

Thefirst function, is CALC_DIST. The purpose of thisfunction is to calculate and
return the distance between any two addresses. For a simple location reference method
such as mile point, the distance can be calculated easily by hand; the user simply
subtracts the offsets of the two addresses. In other location reference methods such as
reference post, calculating the distance cannot always be done by hand, thus the need
for such afunction.

The second function alocation reference system must haveis CONV_ADD. This
function converts the address for alocation to any other address for the same location.
Thisfunction is particularly useful in agencies using many location reference methods.

Thethird function alocation reference system must haveis GET_ADD. Thisfunction
takes an address and an offset as input and returns the address for that |ocation.
GET_ADD isliketheinverse of the CALC_DIST function. With this function a user
will get the address for any location by giving the address for a starting location and an
offset which is the measured distance from the address.

In addition to automated functions like the above, location reference systems depend on
the manual components, acquisition and distribution. The manual functions are carried
out by employees in the agency who communicate the addresses of points among one
another and with the system. Since consistency in this communication is paramount to
success, managing the manual component is alarge part of managing the entire system.
One way to ease this burden isto enforce awell conceived location reference method.
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Unfortunately, many agencies regard the location reference system as atrivia
necessity. Hence, training courses to show people how the system and the method
works are often neglected. Today, few highway agencies have location reference
training as arequirement for all employees. In fact, few states even publish alocation
reference users manual. An example of such a manual can be found in Indiana (8).

LocaTion Rererencing Metrons: A |ocation reference method consists of a mechanism to find
and state the address of a point by referencing it to a known point. Its purposeisto
communicate the location of a point through an address.

As stated above, the method must be viewed as part of alarger system and should be
developed within that context. The method must be easy to use in the field. It must
also have characteristics that support the system. The balance between these two
requirements provides the key to success for any location reference system. NCHRP
Synthesis 21 (10) states that the objectives for alocation reference method are to
provide a means for:

designating and recording the geographic position of specific locations on a highway,
using the designations as a key to stored information about locations, and

uniformity in application of procedures through which various highway-related data
observations are located.

Listing "uniformity” as an objective explicitly highlights the desirability for an agency
to either use only one location reference method, or provide alocation reference system
that can accommodate many methods at once. This aso shows that designating a
location should be independent of the viewpoint of various organizational units making
observations.

There are two quite different approaches to location reference methods, commonly
classified as being either "linear" or "spatial". "Linear" location reference methods
express the address in terms of alinear displacement along a highway. "Spatia”
location reference methods express the address in terms of three dimensional
coordinates.

Although much work is being done in spatial methods, the authors are unaware of any
highway agency, which has abandoned a linear method in favor of a spatial method.
Even if the agency has afunctioning Geographic Information System (GIS) alinear
location reference method is still required so the GIS can perform Dynamic
Segmentation (11).

Spatial Location Referencing Methods: Spatial |ocation reference methods use a set of
coordinates to identify the location of apoint. These "geo-coordinates', asthey are
often called, are commonly expressed in either longitude, latitude and elevation, or in
state plane coordinates and elevation. The driving force behind using geo-coordinates
seems to be a desire to use GIS (Geographic Information System) technology. A
common mechanism to get a spatial addressisto use GPS (Global Position System)
which is discussed later.
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The advantages of spatial location reference methods are as follows.

No physical marking is required in the field.
Coordinates can be obtained electronically with a GPS receiver.

Any address given in terms of coordinates is permanent since the location in athree
dimensional space never changes.

Any point can be automatically displayed on an electronic map.

Addresses can be given for data |ocated outside the road’ s right-of-way using the same
method.

The disadvantages of spatial location reference methods are as follows.

It is difficult to assign the topological relationships between highway segmentsin athree
dimensional manner. The concept of topology will be discussed later.

It isdifficult to detect measurement errorsin the field.

Communicating where a point is located is impossible without a map, or without alinear
location reference method.

The motoring public will not be able to use location referencing to chart their progress along
aroute.

Calculating a distance between two points requires complicated three dimensional geometry.
Usersin the field must have a GPS receiver.
GPS receivers do not work when there is overhead cover such as trees and bridges.

Accuracy requirements are significantly greater than for any linear method, as small errors
can result in the point being identified on an entirely different facility.

A spatia location reference method gives an absolute position of the location. This
causes problems when calculating distances between two locations. For highway data
the generally accepted distance from one location on aroad to another is the distance
one would have to travel along the road. Calculating the distance between two
absolute positions gives a straight line or “as the crow flies’ distance. The calculations
for Dynamic Segmentation and Concurrent Transformation are all based on relative
distances such as those supplied by linear location reference methods.

Linear Location Referencing Methods: The manner of identifying aknown point, generally
called reference point, usually distinguishes one linear |ocation reference method from
another. Existing implementations of linear location reference methods can be
described using one or more of the following fundamental methods:

Mile Point
Mile Post
Reference Point
Reference Post

Subsequent sections in this chapter will discuss each of the four fundamental linear
location reference methods.

Even though there are many different names, all linear location reference methods are
fundamentally the sasme. NCHRP Synthesis 21 (10) addresses thisissuein its
concluding remarks:
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To the casual user of a highway location reference method,
there appear to be many widely different methods in use today.
Thereisatendency to "see" significant differences between
methods on the basis of different names. To make matters more
confusing, terms such as "straight-line diagram”, "route log",
"coordinates’, "mile point", and even "mile post" and "reference
post", are used rather loosely in connection with location
reference methods.

... therereally isnot a great deal of difference between the
several most commonly used methods.

All linear location reference methods rely on the fact that the location of one point is
relative to some other point on the same road. Thisis good because relative distances
are required for Dynamic Segmentation and Concurrent Transformation.

Many of the problems encountered with linear location reference methods are related to
reproducing the distances between points. Any surveyor will attest to the fact that it is
impossible to measure exactly the same distance between any two points repeatedly.
Thisiswhy land surveyors measure the distance more than once and take the average.
Unfortunately, highway engineers forget this and are constantly frustrated when the
distances do not match. Many problems would disappear if these engineers would
realize that and would take steps in the location reference system to accommodate it.

Mile Points: The mile (or kilometer) point location reference method is the most
fundamental linear method of al. Most location reference systems employ the mile
point method in some manner or another. Successful systems use the mile point method
internally for functions, which relate locations to one another (such as the functions
mentioned earlier).

This method assumes each road has one reference point located at the beginning of the
road. The address of any point along the road is given as an offset. The offset being
the distance of the point from the beginning of the road. Mile points are not physically
identified in the field.

Mile point addresses are communicated with aformat of "NNNN 999.999", where
NNNN is road name and 999.999 is the mile point. Figure 3.11 shows atypical road
that is 7.25 miles long and has five "incidents’; astart, a"T" intersection, abridge, a
railway crossing and an end.

Figure 3.11 Example of the mile point location reference method.

Mile

) 0.0 25 45 5.75 7.25
Point | ' ) ' '
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The advantages of the mile point location reference method are as follows.

The distance between any two points on the same road is equal to the difference between the
"To" and the "From" addresses.

Specia posts are not required.
Easy to understand.

The disadvantages of the mile point location reference method are as follows.

A user in the field must start to measure at the beginning of the road each timeto get an
address.

Errors in measuring distances are more pronounced because of the large distances involved
without “resetting” the odometer.

Addresses are unstable because mile points change whenever the length of the road changes.

Whenever mile points change on aroad the location reference system must go to all files,
including historical records, and renumber the addresses for all points on the road.

Mile Posts: Thetheoretical difference between the mile post and the mile point method
isin the physical placement of posts at even mile points along aroad. Each mile post
must be labeled with a number that represents the true mile point at the post. The
address of any point, then, is given by adding or subtracting the distance traveled from
any post to the point in question.

The format for communicating the address of a point isthe same "NNNN 999.999" as
for the mile point. Figure 3.12 shows the same road as Figure 3.11, thistime, however,
the mile posts are also shown.

Figure 3.12 Example of the mile post location reference method.

The advantages of the mile post |ocation reference method are as follows.

Easy to usein thefield.

Motorists can use the posts to chart their progress along the road.

A user hasto travel at most one half mile to find the nearest post.
Numerical sequencing of the signs provides users with easy orientation.

A user can calculate the distance between any two points by subtracting the "from"
address from the "to" address.
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The disadvantages of the mile post location reference method are as follows.

Maintenance forces must place, maintain, and work around posts.
Posts must be located precisely at every mile.

Posts must be replaced whenever the length of aroad, or the unit of measure
changes.

If the posts ever become out of date, the method can no longer be a mile post
method; it becomes a reference post method and all the requirements of using a
reference post method must be practiced.

Mile posts can be confusing on concurrent routes (the numbers on the posts
represent the mile point for only one route, or there are a set of posts for each route).

Reference Posts: The reference post method uses posts physically placed at various
locations along the road. Each post has a reference number. 1n this method the
reference point isidentified by the number on the post. The address of any point, then,
is stated by giving the route number, the distance traveled from any reference post to
the point in question, and the direction.

To calculate the distance between any two points, all reference numbers must
be related to amile point. Although areference post number will never change,
the mile point associated with a reference post number may change.
Maintaining the relationship between reference post number and mile point is
the key to success. The distance between any two consecutive postsis
maintained in afile for use by the location reference system functions
mentioned earlier.

The format for communicating the address of a point using the reference post
method is"NNNN XXX +/- 99.999", where NNNN is the route number, XXX
is the reference number on the post, + or - indicates a positive or negative
direction respectively, and 99.999 is the distance from that post.

Figure 3.13 shows the same road as the previous two figures, thistime,
however, reference posts are shown as well as the address of the incidentsin
terms of the reference post location reference method.

Figure 3.13 Example of the reference post location reference method.
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The advantages of the reference post location reference method are as follows.

Easy to use in thefield.

Addresses are extremely stable. Changesin route lengths, or in the unit of measure for
distances do not affect the physical location of the posts or the validity of the post reference
numbers.

On concurrent routes a single set of posts appliesto al routes.

The distance between postsis usually small enough so users need not travel along distance
to find one.

The disadvantages of the reference post location reference method are as follows.

Motorists may not be able to chart their progress along aroute.

Maintenance forces must place and maintain the posts, and work around them.

Users and information systems must use a list to calculate distance between any two points.
It is difficult to maintain and distribute the list of mile points for all reference posts.

Reference Points: The difference between the reference post and the reference point
methods is physically placing postsin the field. The reference point method relies on
assigning reference numbers to easily identifiable physical features such as bridges and
intersections. The reference point isidentified by anumber contained on alist.
Distance between any two consecutive pointsis given on the samelist. Thelistis
required in the field to find the number for any reference point.

The format to communicate the address of a point using the reference point
method isidentical to the reference post method: "NNNN XXX +/- 99.999".

Figure 3.14 shows the same road as the previous figures. Thistime, however,
reference points are shown.

Figure 3.14 Example of the reference point location reference method.

A +0.0 B +0.0 C +0.0 C+1.25 D +0.0

Refi
“Pont © )
The advantages of the reference point location reference method are as follows.

Special posts are not needed.

Addresses are stable, changes in route lengths, or in the unit of measure for distances do not
affect the validity of the numbers for the reference points.

On concurrent routes the reference points apply to all routes.
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The disadvantages of the reference point location reference method are as follows.

Cumbersome to use in the field.

Reference points can often be located only at impractical distances apart on rural roadways.
Motorists will not be able to chart their progress along the route.

User and information systems must use alist to calculate distance between any two points.
Maintaining and distributing the list of mile points for all reference pointsis difficult.

secectne A LRS: This section of the chapter presents five issues an agency should address
when selecting an approach to location referencing: (1) balance between method and
system; (2) experience of some DOTS; (3) stability of addresses; (4) institutional issues;
and (5) the act of replacing one unit of measure with another.

Three general observations can be made. First, location reference systems based on a
single location reference method are generally more successful than those involving
many location reference methods. Second, location reference systems using posts are
generally easiest to usein thefield. Finaly, location reference systems that require a
list to be used in the field are generally more difficult to use and maintain.

Balancing Method Against System: N general, two issues must be balanced when selecting
the appropriate |ocation reference method for an agency: (@) the method must be easy
to usein thefield; and (b) the supporting location reference system must provide a
mechanism to accommodate changes in addresses. It is desirable to reduce the impact
of address changes so separate tables in the database including tables containing
historical data can be easily related to one another. Creating an appropriate balance
between these two matters is confusing because oneis only obtained at the expense of
the other.

For example, mile point and mile post location reference methods are attractive from
the point of view of ease-of-use. However, these methods are extremely unattractive
because of the instability of the address. On the one hand, mile point and mile post
location reference methods are so easy to use in the field, they become trivial. On the
other hand, very robust and complete location reference systems have to be built to
ensure that any and all address changes are cascaded throughout all the datafilesin the
entire agency. Usually this can only be achieved if the agency has al datain one
integrated database.

Experience of Some DOTs: A true mile post location reference system must have a
procedure in place to ensure the posts are always located at exact mile points. All posts
beyond an effected point must be removed and replaced whenever arealignment
activity occurs. Since thisremova and replacement is seldom done, many agencies
that started with a*“mile post” method ended up with a“reference post” method. Y et,
these agencies still call their method a“mile post” method, without having alocation
reference system in place to manage either. Mislabeling the method and lack of system
procedures have resulted in much confusion.

Agencies still using these mislabeled mile post location reference systems are trying to
force some procedures of amile post location reference system to perform as those of a
reference post location reference system while still employing the main characteristics
of amile post location reference method and becoming extremely confused in the
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process. (NOTE: the previous sentence was intentionally made confusing to highlight
the point being made.) In these mislabeled mile post location reference systems, when
aroad's length is changed because of realignment an “adjustment equation” is
introduced. The list of adjustment equations must therefore be carried in the field.
Also, because of post placement errors some agencies have used the terms “ short
miles’ and “long miles.” These are also accounted for by adjustment equations.

Use of terms such as “short miles’ and “long miles’” aswell as use of adjustment
equations illustrate the difference between a system and a method. The agency wants
to get all of the advantages of using a mile post method and therefore has to introduce
these concepts into the system. The result is often amess.

Stability of Addresses: Theimpact of address changesis also alocation reference system
issue. The system must have procedures to accommodate changes in addresses swiftly
and thoroughly. Since few agencies have integrated databases in place, percolating
address changes to all existing information systemsis difficult to perform
automatically. Usually these matters are left to manual procedures and manual
procedures are notorious for not taking place properly; especialy without
documentation or formal training in their application.

Therefore, an agency has two choices: automate procedures, or minimize address
changes. Since providing the system with automated procedures requires an expensive
integrated database, it is usually better to focus on education and address stability.
Minimizing address changes is alocation reference method issue.

Institutional Issues: L ocation referencing has a tremendous influence on virtually all areas
of businessin aDOT. Anyoneinvolved with DOT data must be familiar with various
parts of the location reference system and all must be familiar with the method(s).

Whenever any change is recommended, it is most often greeted with resistance.
People, particularly those intimately familiar with the nuances of the current method
and system, tend to resist change. If an agency wants to change its method, this
resistance must be considered, planned for, and accommodated. In UDOT, thiswas
accomplished through education seminars, and by forming ajoint task force consisting
of al major players, including the police. (9)

changing Units: Changing the unit of measure for distances from English unitsto S| units
will definitely have an impact on the location reference system. The size of thisimpact
can be linked to how easily the location reference method can handle the change.

The conversion can be simple. In the reference post method, for example, all offsetsin
all files can be converted from miles to kilometers through a simple conversion
program. Then, peoplein the field must start reporting all offsets in kilometers instead
of miles.

However, the conversion can be complicated. For example, agencies using any form of
the mile post method, mislabeled or not, must either remove and replace all posts, or
convert their method and system to areference post method. The agency must then
make the same modifications in reporting offsets mentioned above for the reference
post method.
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3.6 Global Positioning System (GPS)

Many years ago the US Department of Defense started placing a series of 21 satellites
in orbit around the earth. These satellites form the basis of the Global Positioning
System (GPS). At acost exceeding $10 billion dollars, the GPS has the capability of
giving the coordinates of locations to within 1 cm. (7)

Caicuiatne A Location: The basic idea behind using GPS is having areceiver that calculates
its position using triangulation. The triangulation calculations require the receiver to
know the exact position of at least four satellites.

Figure 3.15 shows a much simplified two dimensional view of how the GPS receiver
can calculateits position. In fact, the circlesin this diagrams should have been drawn
as spheres; in which case the fourth satellite would have to be added. However, the
triangulation calculation can still be demonstrated using the much simpler two
dimensional model and three satellites.

Figure 3.15 Two dimensional view of GPS triangulation

/ Circle of influence

N

Knowing the precise distance the receiver is from any satellite allows oneto draw a
“circle of influence” around it. The receiver must be located somewhere on that circle
of influence. By adding a second satellite, the receiver must be at either of the two
points where these circlesintersect. Finally, the third satellite allows the receiver to
know its position is exactly. It iswhere the three circles of influence intersect.

How does the receiver know where the satellite is? The GPS receives aradio signal

from the satellite. Thissignal hasthe precisetime it was sent “stamped” ontoit. By
knowing how fast radio signals travel, the receiver can use the “velocity times travel-
time” equation to calculate the precise distance. Conceptually, it is as simple as that.

Sources OF Error: 1N &ctual fact, the radio signal does not have the time stamped on it.
Rather, the satellites and the receivers are synchronized so they both produce the same
signal at the sametime. By comparing the signal received from the satellite with how
long ago the receiver produced the same signal, the precise time can be cal cul ated.
This calculation can sometimes produce an error because clocks are not consistently
precise.

Another problem encountered is that the velocity of the radio signal is not constant. It
dows down when it hits the earth’ sionosphere and when it hits the water vapor in the
atmosphere. This slow down is one of the primary sources of error in a GPS
measurement. These plus other sources of error such as minute changesin the
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satellite’ s position caused by the moon’s gravity give rise to the fact that normal GPS
gives an accuracy of within ahundred feet or better if you have a good receiver. (7)

Dirrerentia GPS: A technique called “differential GPS’ can bring the location accuracy to
less than one meter. This technique involves placing a permanent GPS receiver at a
known location in the area. Thisreceiver gets the same signal from the satellite as the
other receiver, but, since its location is known it can calculate a correction. This
receiver then sends this correction to the other receiver, which makes the appropriate
adjustments.

More precise techniques, extensions of differential GPS, have been developed by
surveyors to bring the accuracy to within a centimeter.

Omer GPS Issues: The accuracy of GPS can be purposefully degraded by the Department
of Defense. Thisis called "Selective Availability” operational mode, which is designed
to deny enemy forces from using GPS to their advantage.

GPS receivers need a clear line of sight to the satellites. This means that while
traveling under a bridge or around tall buildings the radio signal can be “blocked” from
view. Thisisanother source of error.

Usine GPS ror PMS Data Coliection: T raditional methods of collecting PM S data on aroad
involved linear location referencing. This has been often been criticized as being
difficult and error prone. The advantages and disadvantages of different location
referencing systems have been discussed earlier. Critics are convinced that automated
GPS receivers would eliminate the problem completely. To examine why this
sentiment is shared by many, one only has to go back and review the above chapter on
location referencing. That chapter suggested that the problem was not so much a
function of any particular location reference method. Rather, the problem seemsto
originate from the lack of understanding regarding the need for alocation reference
system and the proper use of whatever location referencing system is used.

It would seem that replacing alinear location reference method with a spatial method
would not eliminate the need for alocation reference system. In fact, it would probably
require a more robust location reference system. Using GPS as alocation referencing
system would require the same consistency and attention to detail as any other location
referencing system. Very few agencies have had successin this area..

Although theidea of collecting location data automatically is appealing, so far thereis
no evidence to support the argument that collection PM S data using GPS locationsis a
wiser investment.

GPS can provide accurate locations for certain reference points and provide an
excellent interface to the GIS and automated mapping systems. The GIS systems
require spatial information to be useful. GPS can provide thisinformation accurately
and efficiently.

For those agencies that deal with nonlinear pavements such as parking lots, storage
facilities, and aprons, GPS is an excellent way to reference these facilities.
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3.7 Geographic Information System (GIS)

A Geographic Information System (GIS) is defined as a system of hardware, software,
data, people, organizations and institutional arrangements for collecting, storing,
analyzing and disseminating information about areas of the earth. (5) WhenaGISis
applied to transportation the generally accepted name is Geographic Information
System for Transportation (GIS-T).

An important distinction must be made between a GI S and automated mapping. The
former is a system for collecting, storing, analyzing and disseminating geographic
information, while the latter is atool to show dataon amap. Since the metaphor used
by GISisamap, theterm GIS has been incorrectly applied to any system dealing with
maps such as an automated mapping system. This lack of rigor in applying the term
GIS has led to much confusion.

When Einstein said “ Make the problem as simple as possible. But, no simpler.” he
could have been criticizing thismodule. GIS and itsrelated technology isa
complicated subject; countless conferences, workshops, and journals are published
every year to deal with itstechnology. Explaining GISin detail iswell beyond the
context of this course. With that in mind, this module will first point out some major
differences between GIS and automated mapping. These are presented in avery simple
manner so that the essence of the issueis captured rather than the technological
workings. Following this, the module concludes by relating the significance of these
differencesto PMS.

cis: To beginwith, a GIS consists of two broad categories of data: (1) attribute data
and (2) spatia data. The GIS seamlessly integrates the two giving the user the
capability of applying spatial analysis to the attribute data.

Attribute data consists of descriptions attached to an object. Attribute datais the same
asthe data stored in atraditional database. For example, aroad section might have
attribute data such as AADT, minimum width and maintenance cost, much the same as
the earlier example.

Spatial data consists of geocoded objects (points, lines and polygons) that have an
orientation and relationship in atwo or three dimensional space. These objects have
precise definitions and are related to one another with the rule of mathematical

topology. (1)

Topology: ToOpology is an area of mathematics used to enforce relationships between
objects. It isbest explained with an example. Figure 3.16 shows three boxes. The top
box has four polygons and apoint. To demonstrate topology, we define a topological
relationship between (a) the box and the respective sides of the four polygons that
touch it, and (b) the point and the respective corners of each polygon that touch it. The
two bottom boxes show the effect of moving the point. The box on the left shows the
movement without using topology. The box on the right shows the movement using
topology. The box on the right shows that since the corners and the point have a
topological relationship, moving one also moves the others.
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Figure 3.16 Example of a topological relationship.

Topology is an inherent feature of a GIS. Automated mapping does not inherently have
topology. Topology gives GIS the power to build and maintain complicated
relationships between spatial objects. To effectively use topology, great care must be
taken to ensure the locations of the objects are precise. For example, if two roads
sections (line objects) meet at an intersection (point object) then the location of the
ends of the road sections must be exactly the same as the location of the intersection.
Because of this need, much of the effort in building a GI S goes into preparing a Base

Map.

The Base Map: A Base Map is defined as a map containing all the fundamental geographic
features and location reference information required for, and from which other maps
showing specialized information can be prepared. (4)

The source and content of the Base Map will vary among different agencies. The
variations arise because of different needs for accuracy and the available budget. Some
possible sources from which a base map can be built include TIGER files
(Topographically Integrated Geographic Encoding and Referencing), aerial
photography, or local hard copy maps. Building a Base Map and attaching all relevant
objectsto it is expensive and time consuming mostly because it requires extensive
manual intervention called data conversion. (2)

Even though data conversion is expensive and time consuming, the payoffs are huge.
Once completed, the GIS can begin “spinning its magic” by giving the users the
capability of performing complex spatially related data queriesin a seemingly intuitive
fashion.

Integrating Data: The ability to integrate spatial datais the prime reason why an agency
investsinaGIS. Thisintegration is not limited to integrating road data. With aGIS all
spatially related data such as land use and political boundaries can be integrated into
the analysis. This expands the application of a GIS to the entire agency rather than for
any specific department such as PM S within the agency.
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Automateo Mareine: | N @N automated mapping system the map isjust that, amap. Thelines
on the map have no topological relationships to one another. The automated mapping
system does, however, have the capability of plotting the line on the map in different
colors. Which part of which line to plot and which color to use must be passed into the
system from an external analysistool.

In an automated mapping system the agency plots lines on the map and gives those
poly-lines aunique identifier or tag. Thisidentifier can be any set of characters that
uniquely identifiesthe line. To relate datain a database to the line on the map, the
database has a table containing the line identifier. This table would be exactly the same
as the example Road Section Tables described earlier, with the only difference being a
column that contains the line identifier.

When a database answers a query, it can include the line identifier in much the same
way asit can include any data attribute. The identifiers for the lines of the road
sections are passed back to the mapping system with a command that says “plot these

Although this sounds simple, keeping the lines on the map in sync with the identifiers
in the database is a task that must be done with manual intervention. Once designed,
however, the procedures are fairly straight forward and easy to maintain.

Arruications ToPMS: Historically, traditional road data has been managed using linear
location reference methods. Thisis perfectly satisfactory since roads are linear
themselves and both the traveling public and highway officias are accustomed to
locating themselvesin alinear fashion. The question can be asked, “Does one need a
GIS to manage traditional road data?’ The answer isno. Linear dataaddressing is
accurate enough and well understood, although not well practiced. This, however, is
an ingtitutional problem rather than a technological one.

A GISisnot needed to mange traditional road datafor aPMS. However, if the
analysis requires non-traditional data such as land use to be linked to road data, or the
pavements are not linear, then aGISisneeded. Because spatial datais multi-
dimensiona the GIS systems can be used to perform analysis that includes proximity to
nonlinear features such as district boundaries, political boundaries, work area
restrictions and others that are most likely not defined in the linear referencing system
of the PMS.

For example the GIS can be used to make adjustments to the work program devel oped
in the PM S by combining projects of similar work type in the first three years of the
program and take advantage of the saving by devel oping projects close together. GIS
can aso enhance project level analysis by including the concept of proximity, and
analyzing data not traditionally found in a PM S such as political boundaries,
landscaping, utility systems, and others.

Recall that the ability to perform Dynamic Segmentation and Concurrent
Transformation are the two main requirements a PM S has with respect to road data.
Both of these need alinear referencing system to be accomplished; whether performed
by aGIS or just by an integrated database. Therefore, the need for linear datais not
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eliminated when one implements aGIS. The GIS does bring the ability to perform
gpatial analysis and include things that are not linked to the linear referencing system.

The point to be stressed regarding GISis to use the correct tool for the task at hand. If,
for example, the PM S department in an agency wants to simply show PMS dataon a
map, the expense of a GISis not warranted because exactly that same map can be
produced much more inexpensively with an integrated database and an automated
mapping system. The GIS and automated mapping systems are very effective waysto
present technical PM S data and analysis to decision makers.

This conclusion does not say, however, that if an agency hasa GIS, the PMS
department should not useit. Quite the contrary; if the GISis aready there,
then make use of it, the expense of producing a database and linking it to an
automated mapping system would be greater than just linking the PM S to the
GlS.
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INVENTORY & HISTORY

4.1 Module Objectives

This module will define what types of inventory and historical data should be
collected, how it should be collected and how it isused in aPMS. Different
types of data collected will be discussed as well as an introduction to ground
penetrating radar for use in data collection. Upon the completion of this
module, participants will be able to accomplish the following:

Define types of inventory and historical data necessary for useinaPM$S
Be aware of different methods of collecting data

Understand the use of ground penetrating radar (GPR) in a PM S to supplement
construction layer history.

Understand the importance of drainage on the structural adequacy of the pavement.
Develop and use strip maps.
Understand the importance of quality control (QC) on data collected.

4.2 Types of Inventory Data

One of the most important steps in the implementation of a pavement management
system (PMS) isto develop an inventory of the pavement network. The inventory
process is the foundation of a PMS, and must be developed with a well-defined plan for
the use of each and every data element collected. To provide the PM S administrator
with the support needed in the decision-making process, it isimportant to determine
what data needs to be collected, how the data will be used, and how and when the data
collection will be done. This ensures that the types of data collected can be used in the
decision-making process, and eliminates the collection of needless datathat is costly in
both dollars and time.

Several factors should be included when deciding what data to collect:

What decisions are going to be made

What data is necessary to make those decisions
Size of pavement network

Type and characteristics of the agency

Type and cost of data acquisition and processing
Required accuracy of the data

Required frequency of data collection

Database capabilities

Data collection should be separated into two levels. The network-level data should
answer the general planning, programming, and policy decisions supported by the
network-level PMS. The project-level data should support decisions about the best
treatment to apply to a selected section of pavement. As data are collected, selected
elements can be stored to create a more compl ete database over time. However, aplan
must be developed to keep that data current.
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Only data elements needed to support decisions at the network-level should be
collected at the network-level. Detailed datawill be needed at the project-level and can
be collected when the project-level analysisis completed.

When deciding what data to collect, there are two simple rules-of-thumb:

Collect only the data you need!
Collect the data only when you need it!

Decision-making policies should be supported with data that are;

Relevant

Reliable

Cost effective to collect
Cost effective to maintain

Typicaly, when an agency decides to implement aPMS, the first issue to be addressed
iswhat kind of data should be collected. Usually, thisis done through a committee
composed of various personnel who will sit down and develop a*“wish list” of data
they would like to collect. Another common approach isto try to use data that already
existsto build aPMS. Experience has shown that neither of these methods is effective
when trying to design the inventory database of aPMS. Some hazards of defining
inventory needsin this manner result in attitudes like it would be nice to have the
data” or “it might be useful someday.” Data collection is time-consuming, expensive
to store, and expensive to analyze. Sifting through needless data will result in aslow,
cumbersome PM S and a lot of wasted dollars.

The inventory will require a minimum number of data elementsin order to be effective
and will include some historical data. A typical PM S inventory at the network-level
will include the following types of data (1,5,6):

Section identification (see following section)

Location - defines start and stop points (milepost, cross-street, etc.)
Geometrics

Pavement structure, construction and maintenance history

Cost

Traffic

Drainage information

Environmental data

Proposed work or work-in-progress

Other information

Geoverrics: The geometry defines the physical characteristics or features of the pavement
sections. It can include lengths and widths of the section, functional classification (e.g.
principal arterial, interstate), number of lanes, median width, shoulder width and type,
cross-dopes, grade and curvature, and the presence of curb and gutters. Thisdatais
generally used in planning major rehabilitation projects to determine if reconstruction
is required based on geometric considerations.
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PavemenT STrucTurE, ConsTrucTion & ManTenance History: [N Order to fulfill its purpose, aPM S
must follow through from planning and programming design to implementation,
including construction and periodic maintenance. Construction, of either a new
pavement or rehabilitation of an existing pavement, converts a design recommendation
into physical reality. Loss of performance, eventually leading to a need for
rehabilitation, is identified within an ongoing process of data collection and evaluation.
Such evauation of pavement performance is also used for determining the current
status of the pavement network..

Construction history is needed to identify the surface type and age of a pavement
section. Maintenance and rehabilitation treatments that have been applied to the
pavement are important not only for predicting how much remaining life a pavement
may have, but also for predicting how well atreatment has performed.

For some agencies, the only pavement structure data available is the type of surface.
Thisisinadequate for agood PMS. At the other extreme are systems that contain
complete construction details of the pavement construction history. Pavement
construction data includes information on the as-built properties of the materials, such
as the results of concrete flexural strengths and asphalt concrete densities. Large
variability of construction quality will result in poor performance.

In some cases, construction data will not be available in any form. If that occurs, the
pavements can be cored or trenched to examine the structure. Generally, it is not
necessary to have a separate program of coring to establish the pavement structure.
The data can be collected as part of a structural evaluation, or other reasons.

Pavement maintenance data includes records of all maintenance activities that can
affect the performance of the pavement such as crack sealing, patching and surface
seals. A high level of maintenance makesit possible to extend the life of the pavement
beyond the expected design life. The date and type of the last major maintenance or
rehabilitation or any previous maintenance and rehabilitation history is also included.

Costs: The cost inventory should include data on the cost of new construction,
maintenance and rehabilitation. It may aso include user costs. Construction and
rehabilitation costs can be compiled from records, estimates and surveys of recently
completed projects, These costs should be updated on aregular basis. If an agency has
implemented a mai ntenance management system, average maintenance costs can be
determined by analyzing the data records. Otherwise, maintenance costs must be
estimated based on the expected performance of the maintenance crews and the
condition of the pavements. User costs are estimated based on traffic volumes,
condition of the pavements, and models of vehicle operating cost.

Trarric: Traffic datais required in pavement management for the prediction of
performance and the assignment of priorities during the selection of rehabilitation
projects. For the selection of projects, a measure of traffic volumesis required. For
highway agencies, the average annua daily traffic (AADT), with a breakdown into
percent of trucks, is a common measure of the total traffic on a section.

Performance modelling, on the other hand, requires an estimate of the heavy vehicle
traffic that generates the majority of the distress. For highway pavements, the usua
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measure is the 18-kip equivalent single-axle load (ESAL) used to estimate the quantity
of vehicles that damage pavements or that the pavement has carried or is expected to
carry. Traffic growth rates should be included for both the AADT and ESALSs. Thisis
further discussed in Module 7.

Dramnace: One critical element of pavement performance evaluation, that does not
typically receive the attention it deserves, is the effect of drainage. A drainage
system, or sometimes lack of, affects the structural adequacy of a pavement
section and is critical with respect to seasonal variation influences. An agency
implementing a PM S will want to assess what kind of drainage information will
contribute to the decision-making process. Some issues that need to be resolved
at the inventory planning stage are:

How does drainage data impact maintenance or rehabilitation policy?
How can drainage data be used in the decision-making process?

What drainage datawill need to be collected, (if any) for aroad section?
How often should that data be updated?

Drainage systems are complex and the drainage data collection is also complex. The
first step would be how to identify the drainage system being used. The next step may
include ng the condition or functionality of that drainage system. Thisincreases
the data collection effort exponentially, as the consequences of poor drainage may not
be apparent until amajor flood event.

The effort and cost required to collect this information should be weighed against the
ultimate use of the information. It should not be collected “because it is there” or
“because it might come in handy someday.” Once again, it isimperative that a definite
plan for this data element be devel oped during the inventory planning stage, with a
sound objective for its usein the analysis stage. The collection of needless datais
time-consuming and costly.

Environvental Data: ENVironmental conditions can have a serious effect on the performance
of pavements. When these conditions vary significantly across the geography of an
agency’sjurisdiction, arecord of local environmental conditions can assist the
pavement manager in predicting performance and in the selection of pavement
rehabilitation strategies. There are several measures that can be used as an index of
environmental conditions, such as the Thornthwaite index, seasonal rainfall, freeze-
thaw cycles, freezing index, or regional indices developed by the agency.

Prorosep Work/Work-in-Procress: | nformation regarding proposed work and work-in-
progress assi sts the administrator in developing a maintenance and rehabilitation
program.

Omer Inrorvaion: ANy other data elements could include items such as pavement
markings, side slopes, utility structures, culverts, signs, etc. Some agencies may already
have aPMS and other databases. These other databases may include an infrastructure
management system or a maintenance management system. Most auxiliary, non-
pavement data should be |eft in these databases, and the PM S should only access that
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data as needed. This requires acommon referencing system that limits the duplication
of data collection and storage. Thiswas previously discussed in Module 3.

4.3 Defining Sections

Once an inventory plan has been devel oped, the PM S network is ready for definition.
This process divides the road network into segments called sections. These sections
are the segments of roadway that will be used in the decision process. One genera rule
to keep in mind when sectionalizing is that:

The length or size of the section will determine the volume of data collected.

Long sections will generally be less uniform than short sections. Short sections require
more data storage and typically must be combined together in project-level analysis,
making it less likely that the agency will follow the network-level PMS
recommendations. The final decision on size and method of sectioning should be
based on selecting segments of pavement that the PMS manager will consider as single
entity when planning maintenance and rehabilitation. The minimum number of
sections that adequately define the road network will be the most economical and
easiest to maintain.

When defining pavement sections, homogeneity isimportant and can be done using the
following factors to assist in triggering section breaks:

Changes in pavement type
Changes in pavement structure (thickness, material, etc.)
Changes in traffic (lanes, patterns, volume)

Boundaries between previous construction projects (different projects reflect
differences in design, materials, age, and other factors),

Changes in natural subgrade characteristics

In addition, geographic or man-made boundaries may offer or force section limits:

Rivers or streams

City or township limits
County lines

Railroad grade crossings
District, ward, or parish lines

Great care must be used to locate the section boundaries using the location referencing
system. Proper use of the location referencing system is key to establishing the
relationship between the sections and other data elements within the PM S database.
The proper development of the location referencing system is discussed in Module 3.

Module 3 discusses in greater detail the advantages and disadvantages of reference
points and posts. Each agency has to review their particular needsin order to select the
most appropriate method. Milepost markers or special signs can be used to identify
section boundaries in the absence of other landmarks. However, signs can be an
additional maintenance expense, and may also be a potentia safety hazard. Signs are
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not permanent; they can be knocked down and replaced in different locations. In rura
areas, it isaso agood rule-of-thumb to keep lengths shorter than one mile.

Highways in urban areas can also be divided into sections using intersections or blocks.
The previous guidelines will help in determining whether one or several blocks are
defined as a section. An important consideration is the manner in which the pavement
areawithin the intersection is counted. In urban areas, intersections can account for a
significant portion of the total pavement area. The intersection areas should be
carefully designed to avoid duplication. This can be accomplished using the following:

The area within the intersection may be treated as a separate section. This solution
eliminates the problem of which cross street includes the intersection. Also, the
stresses exerted on pavements within an intersection differ from those on the
remainder of the block. The turning, stopping, and starting actions at intersections
can cause pavement distresses that significantly differ from those which occur
within ablock. A disadvantage to this approach is that the number of sectionsis
increased significantly. It may not be practical to use this procedure unless the
inventory data is computerized.

In urban areas where the street orientation is arectangular grid, an arbitrary
designation can be made as to which street sections will include intersections. For
example, al North-South sections might include the area within intersections and
East-West sections would exclude them.

A hierarchy of street classes can be used for defining the street to which the
intersection belongs. For example, an arterial would include al intersections along
itslength. A collector would exclude all arterial intersections. Residential streets
would exclude both arterial and collector intersections. Residential cross streets
could be managed with a combination of these last two methods, or with a notation
on the inventory form as to which intersections are included.

Again, intersections must be included in the inventory but should not be duplicated at
Cross streets.

4.4 I|dentifying Sections

How a sectionisidentified is probably one of the most critical elements of the
PMS. It isimportant, when assigning section identification, to consider how
the datawill be stored and retrieved from the database. A simple, logical, linear
system should be used in order to reduce the time and money spent handling the
data. The section identification system selected must contain definite section
start and stop points. There are several methods for developing identification
systems. These are discussed below.

Existine Route Numeer: Although using existing highway or route numbers may seem to be
the simplest method of assigning numbers and describing sections, it can become
difficult to use. For example, afive-milelong urban highway may have severa cross-
sections, surfaces, and traffic volumes. Figure 4.1 is an example of a sample network
using route designation. While route designations are easily recognizable and
understandable, they provide little information about the individual sections of the
route.

sreciaL Copes Can be developed in many ways and is particularly useful sinceit
provides agreat deal of flexibility. It can account for some of the variation
found on long sections of highways. However, the disadvantage is that users
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have to be more familiar with the coding system in order to understand it. It
could lead to poor communications. Figure 4.2 is an example of the same
network using special codes as identifiers.

Link-Nooe Svstems: A link-node system generally defines sections based on sections of
pavement from one node (e.g. interchange, overpass, intersections or other prominent
feature) to another. One example of link-node systemsis superimposing a grid system
over amap of the road network so that each box in the grid has a unique number as
shown in Figure 4.3. Inside each box, each node is assigned a code so that the
pavement section can be described by its two node points. Many agencies with urban
networks use this system.

A Geographical Information System (GIS) provides another method of numbering and
locating sections with the latest in computer technology. A coordinate system is used
to store the network-wide map on the computer. The sections are then defined by the
coordinates of the end points. Sections can be selected or identified directly on the
computer screen map by pointing to the correct highway.

There are various aternative numbering systems. For example, section numbers can be
assigned to block segments and intersections using existing highway numbers as shown
in Figure 4.3. This system is useful because it utilizes an existing numbering system
while providing a unique number assignment for intersections and other features.

Figure 4.1 Example using route designations

gL RIS

STH 75
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Figure 4.2 Example of special code designation

S75D201
S75D201

%40203

S75D201

Figure 4.3 Example of link-node designation

STH144-01

us6-01-

STH75-02
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Whatever type of procedureis selected for identifying sections, one item remains
critical to each, and that is, field crews and other database systems MUST be able to
locate exact section boundaries both in the field and within the databases. The more
permanent the location markers are, the easier and more accurate the data collection
process. If permanent markers are not available the use of an accurate distance
measuring instrument (DMI) mounted on the survey vehicle can be used to locate
sections. If thisisthe case, the surveyor(s) must know the exact section lengths and
have several benchmarks from which to start measuring.

4.5 Collecting Inventory Data

There are specific basic principles when collecting inventory data. As much data as
possible should be developed in the office first and prepared on data forms or tabular
formats so that afield verification of the inventory can be performed efficiently. Itis
much more effective to verify datain the field than to try to record al of the datain the
field and confirm it later. Information such as construction history can be added to the
inventory later, as time and money permit.

There are several methods of collecting the necessary data in the field as discussed
below.

Vioeo or Protoerapric Losaine: THiS requires more specialized equipment but field timeis
dramatically reduced. The records are then reviewed in the office and the dataiis
entered into the PMS. This office review will be the largest part of the data collection
process. This system also provides a permanent record of the road inventory. The
video/photographic logging is limited by the view captured by the camera. Some of the
equipment available to perform this video or photographic log is discussed in Module
5.

Fiero Survevs: Field survey crews can view and analyze awider area along the road
alignment. This method is slow and time consuming and should only be used in
localized areas. The only permanent record is the notes of the field survey team. If a
field survey team is to be used, experience shows that using two-person survey team(s)
is more efficient and accurate. Before beginning the field work, the team(s) should
receive all necessary training and have a thorough understanding of the following:

Sectionsin the network

Inventory data collection format

Definition of sections and identification procedures
Structure of inventory database

Prioritized list of datato collect

Prioritized list of roads to be verified

Maps of the pavement network should be completed before the survey team(s) begins
field work and should include the following:

Highway or road classification

Defined section boundaries

Route numbers or road names

Geographic details and political boundaries
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The proper equipment is essential for the survey team(s) to perform the inventory
survey. Typically, thisincludes a vehicle equipped with a distance measuring
instrument (DMI), and a manual measuring wheel. The use of avehicle odometer is
not recommended because its accuracy is questionable and 1/10-mile measurements are
insufficient. Also helpful isasupply of sharpened pencils, erasers, a calculator,
clipboard, safety vest (preferably with pockets), hard hat, markers (highlighting kind), a
can of spray paint, keel, warning beacon, atraffic cone, and plenty of blank dataforms.

Recent developments have led to the use of other equipment to assist in the collection
of inventory data, such as ground penetrating radar (GPR) which is discussed below,
global positioning systems (GPS) which was discussed in Module 3, and video logging
vehicles which will be discussed in Module 5.

After all of the above criteria have been met, the survey team is ready to begin field
data collection of inventory data. This process should be approached in the following
sequence:

Determine the area to be inventoried
Drive aong the selected route to establish section limits
Measure and record the physical dimensions

Make another pass through the section and complete any missing inventory data on
the form, and record the section length

Traffic volumes are usually obtained through weigh-in-motion (WIM) counts or
more traditional methods. Thisis further discussed in Module 7.

A streamlined database can be developed by using well-defined inventory and data
forms. These forms are used by the survey team and office personnel to record the
inventory information. These forms are permanent records and are only updated as
major physical characteristic changes occur. This differs from the requirements for
pavement condition inspection information, which is done at arecurring interval, and is
always changing.

GRrounp PeneTraTING RADAR (GPR) is a nondestructive method to determine the
thickness of pavement layers. The system uses the same technology as airborne
and seagoing radar used throughout the world.

Radar which is a contraction of the term Radio Detecting And Ranging uses
radio waves to detect objects and determine their distance (range) from the
echoes they reflect. Ground Penetrating Radar was first developed by MIT to
find shallow tunnelsin the late 1960’ s during the Vietnam War. GPR has since
been modified to detect anomaliesin highway pavements and bridge decks.

An electronic impulse (radio signal) is emitted by an antenna. When the
impul se reaches an interface between to different materials some of the energy
is reflected back and this energy is picked up by another antenna. (see Figure
4.4) By knowing the travel time of the energy pulse, the distance traveled and
the distance away from the energy source is calculated.



INVENTORY & HISTORY

Figure 4.4 Ground penetrating radar (GPR)

Antenma

Interface 1
Interface 2

Interface 3

The strength of the energy return is dependent on the interface between the two
materials and the difference in the diel ectric constant between the two materials. The
dielectric constant provides a measurement of a material's ability to transmit electricity.
Metals that conduct electricity well reflect most of the radio pulse. Air which isapoor
conductor of electricity transmits most of the radio pulse and reflects very little. In the
case of an airplane the interface is between the air and the metal of the airplane. These
two materials are very different and produce a strong reflection of the radio pulse. This
may not be the case when GPR is used to evaluate pavement structures. The dielectric
constants of the various materials may not be that different and the interface may not be
well defined. For both bound and unbound materials the relative dielectric constant is
highly dependent upon the amount of free moisture in the material aswell asthe
mineral makeup of the material. Sands and gravels are not as reflective of radio energy
pulses as clays. For example the dielectric constant for aggregate base course may be
very similar to asandy soil. This may makeit difficult to identify the interface between
the two materials. However, the interface between aggregate base and a clay soil are
more readily detected. The dielectric constants for both ACC and PCC and aggregate
base course are very different and the interface can be identified much easier.

The depth of radar penetration into the ground is based upon the frequency of the radar
antenna and the type of pavement layers. The lower the frequency the deeper the radar
energy will penetrate into the pavement. Resolution is also dependent on the frequency
of the radar antenna. Higher frequency provides better resolution.

Two basic types of GPR equipment are available. Thefirst typeisthe contact type
commonly referred to as ground-coupled. The antennais place directly on the
pavement surface and then a continuous reading is taken as the antennaiis pulled along
the ground at awalking pace. Thistype of equipment provides better resolution and is
more commonly available. It isused for more project specific research type surveys.
The other type of equipment uses horn shaped air-coupled antennas which are mounted
about 250 mm above the pavement and can operate at close to normal highway speeds.
The resolution of air-coupled systemsis lower than ground-coupled systems but they
can travel at highway speeds and are most commonly used for PM S applications
because data can be collected over an entire road network much more economically.
For pavement thickness surveys an air-coupled antennais operated with center
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frequencies around 1 GHz which provides thickness resolution of about 10 mm (but
penetration depth is limited to about 0.6 m). A GPR study by Kansas indicated that the
cost of a GPR pavement survey, including data analysis and reporting, ranges from $30
to $435/lane km. The cost depended on the distance surveyed and the level of detail
required for the data analysis. The lower range represented only network pavement
thickness analysis while the upper range represented more project specific specia
studies.

The GPR technology can be applied to PMS to better determine the pavement structure
and the location of where the pavement structures change. The GPR datais very
applicableto project level analysis. The GPR data can provide information concerning
the pavement layer thicknesses, layer variability, voids, and the location of utilities.

Datainterpretation for GPR has improved considerably over the last few years. The
systems are now able to display the radar traces using a spectrum of colors to identify
the strength of the radar return. Large changesin signal strength indicate an interface.
This technique has improved the ability of GPR to locate voids thicker than 6 mm
under PCC and in some cases the presence of water in a pavement structure. The
interface between free water and the subgrade soil or water in avoid isvery
pronounced and can be readily identified using this color enhancement technique.

In the NCHRP Synthesis 255 on GPR the capabilities of current GPR systems are
listed as:

Asphalt layer thickness determination: GPR results are used to estimate
thickness to within 10 percent and thicknesses of up to 0.5 m are accurately
measured

Base thickness determination: thicknesses are estimated, provided that thereis
adielectric contrast between the base and subgrade. (The best results occur
when subgrade is made up of clay soils which are highly conductive compared
to sands or gravels.)

Concrete thickness determination: depth constraints and accuracy are not yet
well defined. Thisis because Portland cement concrete attenuates GPR
signals more than asphalt, PCC conductivity changes as the cement hydrates,
dabsthat contain reinforcing steel make interpretation more difficult, and the
dielectric contrast between the PCC and base may not be adequate for
reflection detection.

Void detection: GPR has detected air-filled voids as thin as 6 mm, while the
detection of water-filled voids is more problematic.

At the present time the primary use of GPR in PMSisto provide network level
information about pavement layer thickness as part of the inventory database. At the
present time it has been used more by local agencies where there was no existing
information on surfacing thicknesses. For this application the GPR survey isrun to
develop apavement layer inventory. The more existing pavement layer information an
agency has to compare against the GPR survey data the better. GPR is an anomaly
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detector which means that comparisons to known thickness of coring is necessary for
the best validation of the data collected.

Several States, (Floridaand Texas) own GPR equipment. Florida uses GPR primarily
to establish pavement thicknesses. The Materials Division of the Texas Transportation
Institute (TTI) has developed performance specifications and test procedures of GPR
systems. They have also developed a GPR training program that has been used to help
train Texas DOT personnel in the two Texas DOT Districts that own and use GPR.

4.6 Quality Control

The data collection processis only as good asthe data. This means that a Quality
Control process must be part of the PM S inventory plan. Asthe datais collected, it
should be verified for :

Integrity - whenever two different pieces of data profess to represent the same fact,
they must be equal. Inatypica PMS database, transposing numerical dataisthe
most common mistake.

Accuracy - the data values represent as close as possible the actual situation at the
indicated location and time. The level of accuracy should be based on the type of
analysisto be performed. Increases accuracy will also increase cost. Accuracy is
most often a data collection consideration. For example, if data are sorted in the
database by mile long road sections, and a section had 20,000 vehicles on one half
and 10,000 on the other, the value of 15,000 vehicles would not be an accurate
representation of traffic on this road section.

Validity - the given value is correct. Datavalidity is generally tested by comparing
the given value with arange of reasonable values for the circumstances. For
example, atraffic volume of 100,000 cars per day on a two-lane highway would not
be avalid figure. Checks of the data should be performed at certain stagesin the
data collection process to eliminate common errors such as data entry.

Security - involvestwo things. First, if data being stored are confidential, you must
ensure proper channels must be established and followed to restrict access to
authorized personnel. Second, if the data are destroyed, backups must be available
so they can be restored. To prevent or reduce the risk of destroying data, users can
be restricted from accessing it or, more commonly, most user access can be limited
to “read only”.

Note that the principles above are similar to those previoudly discussed for relational
databases (Module 3).

One method of achieving this goa isto use only well-trained personnel. When
planning the PM S, costs for training should be included. Keeping the database as
simple and streamlined as possible will also ensure that the data collected meet the
criteriapreviously discussed.

Data quality reviews must be performed at several stagesin the data collection process.
The reviews should be performed after each manipulation or reduction of the data. For
example the data in the database should be compared with the raw field data to insure
that the data is correct and the database accurately reflects the field conditions.

A great deal of emphasis has been placed on field data entry computer systems and
their ability to reduce data entry errors. Often this process assumes that there are no
dataentry errorsin the field. Thisisafaulty assumption. The same stringent quality
control reviews must be performed whether the data is entered in the office or in the
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field. However, field data entry computers do reduce the number of times that the data
is manipulated and does provide some cost savings.

4.7 Strip Maps

Strip maps are used in a PM Sto represent a“ picture or profile’ of the inventory data
for each road segment in the network. The strip map, as shown in Figure 4.6, contains
basic information about aroad segment. The datais displayed as a profile along the
road alignment. The strip maps are very dependent on a well-established location
referencing system and the ability of the data system to perform dynamic segmentation.

The contents of a strip map are only limited by the amount of datathat is available. For
example, data elements such as section boundaries, length, layer thicknesses, material
type, lane widths, shoulder widths, traffic volume, age of pavement and treatments
applied can be used. The agency should decide what data elements are important for
their needs. The strip maps are an excellent way to display information to the
“decision-makers’ when analyzing a particular road segment. GIS systems perform a
similar function using the map of the road network. It presents information in a clear,
simplefashion. Asthe old saying goes, “A picture isworth athousand words’.

Figure 4.5 Strip maps

Figure 5.6 Strip Map
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It isimportant to note, however, that in order to develop a strip map that contains these
or any other data elements, a logical, linear location referencing system must be in-
place. It cannot be emphasized enough, that without a solid, linear location referencing
system, a PM S will probably not provide the results an agency expects.
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PAVEMENT CONDITION SURVEYS

5.1 Module Objectives
The objectives of this module are to enable participants to:

Understand the need for condition surveys.

Be familiar with the four basic types of condition surveys.

Acquaint participants with the different procedures and equipment available.
Be aware of the purpose, advantage and disadvantage of different procedures.

5.2 Introduction

In the previous module, the inventory defined the network for which the pavement
engineer isresponsible. In this module, Condition Surveys are used to assess or
describe the state of being, or readiness for use, of those elements being managed. It
has also been described as a means of determining the “health” of the network.

A condition survey is the process of collecting datato determine the structural integrity,
distresses, skid resistance, and overal riding quality of the pavement. Traditionally,
maintenance or engineering personnel relied on experience and visual inspections to
schedule maintenance. The problems with that technique are that experienceis
difficult to transfer from one person to another and decisions made using similar data
often vary considerably. Condition surveys provide arational and consistent method of
alocating limited resources.

By monitoring the pavement condition using the methods described here, an agency
should be able to:

Evaluate the current condition of the network.

Determine the rates of deterioration.

Project future conditions.

Determine maintenance and rehabilitation needs.

Determine the costs of repair.

Prepare plans for repairs.

Determine the effects of budget reductions and deferred maintenance.
Schedule future pavement maintenance activities.

Track performance of various pavement designs and materials.

There are several methods available for defining the current condition of a pavement
segment. Many of the pavement management systems (PMS) available use a specific
method of collecting condition data and defining states of pavement readiness or
condition. Adopting a specific PM S will often require the adoption of specific data
collection procedures.

Since so many decisions supported by the PM S are based on the condition assessment,
it isimportant to ensure that the data collected and used is accurate enough to provide
the desired level of support. However, since the collection of condition dataisthe

5-1




PAVEMENT CONDITION SURVEYS

most expensive portion of maintaining the PM S, the cost must be matched to the
resources and needs of the adopting agency.

The published literature on condition surveysis extensive and exhaustive. Much of the
previously published work, as well as past NHI courses, are summarized herein.
Previous PM S courses were especially useful in compiling this module. The focus of
this module will be on “new” types of procedures and equipment.

5.3 Collection Methodologies

Collecting condition information is generally the most costly part of the initial
implementation of a PM S and of continued operation. Condition data can be collected
using very expensive or relatively inexpensive methods. In general, the detail and
accuracy of data collection varies from very detailed for research activitiesto very
gross for some network-level management systems. It is not necessary to have the
same detail at each level; however, it isimportant to use the same general definitions at
each level. It isnot necessary to collect all of the data at each level. Some measures,
such as structural evaluation, may only be collected at the project-level. Other
measures, such as surface friction, may only be used when a specific problem has been
identified.

Many different methods are available to collect each of these condition measures. The
methods that are more costly are also usually more accurate, more precise, and have the
greatest resolution. Accuracy is the degree to which the method provides atrue value.
Precision is the repeatability among multiple measurements. Resolution is the smallest
increment that can be measured. The precision, accuracy, and resol ution needed
depend on the goals of the pavement management system and the funds available to
pay for the inspection services. Some methods are more subjective than others.
References 1 and 3 describe many of the data collection methods and equipment in
some detail. Reference 4 discusses many of the automated or semi-automated
procedures for collecting and analyzing distress data. Reference 5 presents some
criteriathat should be considered in selecting the data and collection methods.

5.4 Types of Surveys

Assessing the pavement condition begins with collecting data. This dataisthen
interpreted to define the current state of readiness, or “health” of the pavement. There
are generaly four typesof surveys(1):

Distress Surveys

Structural Capacity

Roughness (ride quality)

Skid Resistance (surface friction)

The basic purpose of a pavement is to provide a safe and smooth surface for the
travelling public. The travelling public is primarily interested in this functional
condition, which is primarily measured with roughness and surface friction. The
engineers and managers are interested in devel oping the most cost-effective
maintenance and rehabilitation program. They are interested in an engineering analysis
of the condition, as well asthe functional condition. Distress surveys and structural
testing are normally used in the engineering analysis.
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Distress Survevs: SUrface distress is damage observed on the pavement surface. Distress
surveys are performed to determine the type, severity, and quantity of surface distress.
Thisinformation is often used to determine a pavement condition index (PCl), which
helps compute arate of deterioration, and is often used to project future condition (2).
Surface distress and the current or future PCI values are often used to help identify the
timing of maintenance and rehabilitation as well as funding needs in the PM S process.
Distress is the measure most used by maintenance personnel to determine what type of
maintenance treatment is required and when maintenance is needed. It istypically the
most important type of condition survey.

Structurat Caraciry: Structural capacity is the maximum load and number of repetitions a
pavement can carry before reaching some defined condition. Structural analysisis
normally conducted at the project-level to determine the pavement load-carrying
capacity and the capacity needed to accommodate projected traffic. Non-destructive
deflection testing of the pavement is asimple and reliable method to assist in making
this evaluation; however, destructive testing such as coring and component analysis
techniques may be used aswell. Pavement structural evaluation isimportant in the
selection of treatments at the project-level

Roushness (Rioe QuaLry):  Roughness, or ride quality, is a measure of pavement surface
distortion along alinear plane or an estimate of the ability of the pavement to provide a
comfortable ride to the users. Roughness is often converted into an index such as the
Present Serviceability Index (PSI) or the International Roughness Index (IRI).
Pavement roughness is considered most important by the using public, and it is
especially important on pavements with higher speed limits, those above 45 miles (70
km) per hour. It isconsidered very important by state highway agencies, but is
generally of lessimportance to cities because of the difference in speed limits as well
as the causes of roughness.

Skip ResisTANCE (SURFACE FRICTION): Skid resistance, or surface friction, indicates the abil |ty of
the pavement surface to provide sufficient friction to avoid skid related safety
problems. Skid resistance is most important on pavements with high speeds. Itis
generally considered a separate measure of the condition of the pavement surface and
often can be used to determine the need for remedial maintenance by itself. Many
agencies use accident maps to identify high accident areas, and then an assessment is
made as to whether the accidents are related to friction problems. M easurements of
surface friction can be used to help eliminate potential problem spots before accidents
occur.

Skid resistance measurements are expressed as a skid number. On highway pavements,
skid measurements are usually made with locked wheel skid trailers. Measurement of
skid resistance is not typically associated with a PMS at the local level.

Summary oF Survey Tyees:  These four pavement condition factors can be used to determine the
overall pavement condition and to identify the most cost-effective and optimum
maintenance and rehabilitation treatment. The pavement condition factors discussed
above vary in their degree of importance in terms of pavement performance and

mai ntenance and rehabilitation needs. It is obvious that a treatment recommended to
correct the structural load-carrying capacity of the pavement can be designed to correct
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all other deficiencies that might be present, including roughness. Also, atreatment
selected to correct pavement roughness can be used in turn to improve the surface
friction and correct any surface distress as well.

Various methods are available to collect each of the four measures. Each method has
advantages and disadvantages. Again, to emphasize, those procedures which require
the least time and cost are aso the least accurate. Those which are most accurate are
also the most expensive and time consuming. An agency must carefully consider the
type and level of decisions being made along with the resources available to determine
the best method and correct measures for their system. There is considerable variation
in the cost and accuracy of data collected. In general, most agencies use less accurate
methods for network-level analysis and more detailed measures for project-level
analysis. However, the network and project-level methods should complement each
other.

Survey Frequencies:  The frequency of surveys depends upon several factors. These include
pavement type, age, current condition, average daily traffic, axle loadings, drainage
characteritics, and weather factors. Of these factors, current conditions, axle loadings
and drainage are the most important.

Traffic loadings are usually consistent within each road class. Therefore, if traffic and
axle loading data are not readily available, it may be reasonable to assign survey
frequency by functional classification. For instance, arterials might be inspected
annually, collectors every two years, and residential streets every four years.

Frequency also depends on the pavement condition of individual sections. New
pavements or pavementsin good condition require less frequent inspections than
pavements that are experiencing high rates of deterioration.

5.5 Distress Surveys

Distress surveys can be performed manually, or automated equipment may be used. In
either case, the surface of the pavement is viewed and evaluation is made to determine
the following:

Type of distress.
Severity.
Quantity of distress present on the pavement surface.

Thetype of distress tells us what type of damage has devel oped; the severity tells how
bad the damage is; and the quantity gives us the extent of the type and severity of
damage that is present. All three of these factors are required to get afull picture of the
damage that has developed on the pavement surface and are used to determine the type
and timing of maintenance, rehabilitation, and reconstruction.

There have been several iterations in the devel opment of standard definitions of types
of distress and levels of severity. The definitions used in the PAVER system are some
of the most commonly used by local agencies (6,7); however, they are often criticized
because there are too many distress types required by PAVER (19 each for asphalt and
concrete surfaced pavements, 7 for unsurfaced roads). Since PAVER was developed
for worldwide use, afull set of distress types were needed. However, in asingle area,
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fewer distress types will normally be present and even less may influence management
decisions. Some agencies have modified the PAVER distress types and severity levels
to make them more easy to use and to match the conditions found in alocal area (8).
One such example is the Metropolitan Transportation Commission’s PMSin
Cdlifornia.

Distress severity levels have aso evolved. Some state agencies and the Federal
Highway Administration using the Strategic Highway Research Program (SHRP)
Distress Identification Manual for Long-Term Pavement Performance (9) have tried to
avoid using severity levels and rely on direct measures to define the severity and reduce
subjectivity. (See Table5.1). Thisisappropriate for such distress types as rutting
where direct depth measurements can be made. However, most agencies are still using
distress severities, and even the SHRP manual uses severity levels for some distress
types. The number of severity levels has varied among distress identification systems
from two to seven. Most agencies currently usethree. Generally, the low severity
level identifies that the distress type has appeared but that it is not causing a problem at
thispoint. A high or heavy severity level generally indicates that the distressis so bad
that maintenance is needed immediately or should have aready been performed.

The medium or moderate severity level generally indicates that the distress has
progressed to the point where the pavement needs attention or it will become a problem
shortly. This provides adequate information to define the level of damagethat is
present and to help identify when treatments should be applied. It also gives adequate
information needed to calculate a condition index that can be used to project future
condition.

In summary, agood pavement distress survey will collect data necessary to:

Identify roads which need no immediate maintenance and therefore, no immediate
expenditures.

Identify roads which reguire aminor or routine maintenance and immediate expenditures.

Identify roads which require preventive maintenance activities such as asphalt overlay, seal,
etc. Theseroads can belisted in order of priority and the maintenance activities can be
scheduled accordingly.

Identify roads which need major rehabilitation or reconstruction. These roads will have
deteriorated to the point that maintenance is no longer cost-effective and more major work is
required to raise the condition to an acceptable level.

Appendix 5A is an example of the state of New Mexico’s distress definitions and
procedures.
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Table 5.1 Distress Types from SHRP (9)

ASPHALT CONCRETE SURFACES

1. Fatigue Cracking

2. Block Cracking

3. Edge Cracking

4. Longitudina Cracking

5. Reflection-Cracking At Joints
6. Transverse Cracking

7. Patch/Patch Deterioration

8. Potholes

9.

10.

11.

12.

13.

14.

15.

Rutting

Shoving

Bleeding

Polished Aggregate
Raveling
Lane-to-shoulder drop-off

Water Bleeding & Pumping

JOINTED PORTLAND CEMENT CONCRETE SURFACES

1. Corner Breaks
2. Durability Cracking
3. Longitudinal Cracking

4. Transverse Cracking
Joints/Cracks

5. Joint Seal Damage
6. Spalling of Longitudinal Joints
7. Spalling of Transverse Joints

8. Map Cracking & Scaling

9.

10.

11

12.

13.

14.

15.

16.

Polished Aggregate
Popouts
Blow-ups

Faulting of Transverse

Lane-to-shoulder drop-off
Lane-to-shoulder separation
Patch/Patch Deterioration

Water Bleeding & Pumping

CONTINUOUSLY REINFORCED CONCRETE SURFACES

1. Durability Cracking

2. Longitudinal Cracking
3. Transverse Cracking

4. Map Cracking & Scaling
5. Polished Aggregate

6. Popouts

7. Blowups

8. Transverse Construction Joint Deterioration

9.

10.

11.

12.

13.

14.

15.

Lane-to-shoulder drop-off
Lane-to-shoulder separation
Patch/Patch Deterioration
Punchouts

Spalling of Longitudinal Joints
Water Bleeding & Pumping

Longitudinal Joint Seal Damage
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Tables 5.2 and 5.3 are the SHRP descriptions for distress types found in asphalt and
Portland cement concrete pavements.

TABLE 5.2 Distress Definitions for Asphalt Surfaced Pavements (9)

DISTRESS TYPE DESCRIPTION

Bleeding Excess bituminous binder occurring on the pavement
surface. May create a shiny, glass-like, reflective
surface that may be tacky to the touch. Usually found in
the wheel paths.

Block Cracking A pattern of cracks that divides the pavement into
approximately rectangular pieces. Rectangular blocks
range in size from approximately 0.1 sg. m to 10 sq. m
(1 sg. ft to 100 sq ft).

Edge Cracking Applies only to pavements with unpaved shoulders.
Crescent shaped cracks or fairly continuous cracks
which intersect the pavement edge and are located
within 0.6 m (2 ft) of the pavement edge, adjacent to the
shoulder. Includeslongitudinal cracks outside of the
wheel path and within 0.6 m (2 ft) of the pavement
edge.

Fatigue Cracking Occurs in areas subjected to repeated traffic loadings
(wheel paths). Can be a series of interconnected cracks
in early stages of development. Develops into many-
sided, sharp-angled pieces, usually less than 0.3 m (1 ft)
on the longest side characteristically with a chicken
wire/alligator pattern, in later stages. Must have a
guantifiable area

Lane-to-shoulder drop-off Difference in elevation between the traveled surface and
the outside shoulder. Typically occurs when the outside
shoulder settles as aresult of pavement layer material
differences.

Longitudinal Cracking Cracks predominantly parallel to pavement centerline.
Location within the lane (wheel path versus non-wheel
path) is significant.

Patch/Patch Deterioration Portion of pavement surface, greater than 0.1 sq. m (1
sg. ft), that has been removed and replaced or additional
material applied to the pavement after original
construction.

Polished Aggregate Surface binder worn away to expose coarse aggregate.

Potholes Bowl-shaped holes of various sizesin the pavement
surface. Minimum plan dimensionis15cm (6in).

Raveling Wearing away of the pavement surface in high-quality

hot mix asphalt concrete. Caused by the dislodging of
aggregate particles and loss of asphalt binder.

Reflection Cracking At Joints Cracksin asphalt concrete overlay surfaces that
occur over joints in concrete pavements.

Note: Knowing the slab dimensions beneath the asphalt
concrete surface helps to identify reflection cracks at

joints.
Rutting A rutisalongitudinal surface depression in the wheel
path. It may have associated transverse displacement.
Shoving Shoving is alongitudinal displacement of alocalized

area of the pavement surface. Itisgenerally caused by
braking or accelerating vehicles, and is usually located
on hills or curves, or at intersections. It also may have
associated vertical displacement.

Transverse Cracking Cracks that are predominantly perpendicular to
pavement centerline, and are not located over Portland
cement concrete joints.

Water Bleeding and Pumping Seeping or gjection of water from beneath the pavement
through cracks. In some cases, detectable by deposits of
fine material left on the pavement surface which were
eroded (pumped) from the support layers and have
stained the surface.
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TABLE 5.3 Distress Description For Portland Cement Concrete Surfaces (9)

DISTRESS TYPE

DESCRIPTION

Blowups

Localized upward movement of the pavement surface at
transverse joints or cracks, often accompanied by shattering
of the concrete in that area.

Corner Breaks

A portion of the slab separated by a crack, which intersects
the adjacent transverse and longitudinal joints, describing
approximately a 45 degree angle with the direction of traffic.
The length of the sidesis from 0.3 m (1 ft) to one-half the
width of the slab, on each side of the corner. Closely spaced
crescent-shaped hairline cracking pattern. Occurs adjacent to
joints, cracks, or free edges; initiating in slab corners.

Durability Cracking
(“D” Cracking)

Closely spaced crescent-shaped hairline cracking pattern.
Occurs adjacent to joints, cracks, or free edges; initiating in
sab corners.. Dark coloring of the cracking pattern and
surrounding area.

Faulting of Transverse Joints and Cracks

Difference in elevation across ajoint or crack.

Joint Seal Damage

Joint seal damage is any condition which enables
incompressible materials or a significant amount of water to
infiltrate the joint from the surface. Typical types of joint seal
damage are: Extrusion, hardening, adhesive failure (bonding),
cohesive failure (splitting), or complete loss of sealant.
Intrusion of foreign material in thejoint. Weed growth in the
joint.

Lane-to-shoulder drop-off

Difference in elevation between the edge of slab and outside
shoulder; typically occurs when the outside shoulder settles.

Lane-to-shoulder separation

Widening of the joint between the edge of the
slab and the shoulder.

Longitudinal Cracking

Cracks that are predominantly parallel to the pavement
centerline.

Map Cracking

A series of cracks that extend only into the upper surface of
the slab. Frequently, larger cracks are oriented in the
longitudinal direction of the pavement and are interconnected
by finer transverse or random cracks.

Scaling

Scaling is the deterioration of the upper concrete slab surface,
normally 3 mm (0.125in.) to (0.5 in.), and may occur
anywhere over the pavement.

Patch/Patch Deterioration

A portion, greater than 0.1 sq. m (1 sq. ft), or al of the
original concrete slab that has been removed or replaced, or
additional material applied to the pavement after original
construction.

Polished Aggregate

Surface mortar and texturing worn away to expose coarse
aggregate.

Popouts

Small pieces of pavement broken loose from the surface,
normally ranging in diameter from 25 mm (1 in.) to 200 mm
(4in.) and depth from 13 mm (0.5in.) to 50 mm (2iin.).

Spalling of Longitudinal Joints

Cracking, breaking, chipping or fraying of slab edges within
0.6 m (2ft) of the longitudinal joint.

Spalling of Transverse Joints

Cracking, breaking, chipping or fraying of Lac edges within
0.6 m (2ft) of the transverse joint.

Transverse Cracking

Cracks that are predominantly perpendicular to the pavement
centerline..

Water Bleeding and Pumping

Seeping or gection of water from beneath the pavement
through cracks. In some cases detectable by deposits of fine
material left on the pavement surface, which were eroded
(pumped) from the support layers and have sustained the
surface.

Transverse Construction Joint Deterioration

Series of closely spaced transverse cracks or alarger number
of interconnecting cracks occurring near the construction
joint.

Punchouts (CRCP only)

The area enclosed by two closely spaced (usually less than
0.6 m [2ft]) transverse cracks, a short longitudinal crack, and
the edge of the pavement or alongitudinal joint. Also
includes”Y” cracks that exhibit spalling, breakup, and
faulting.
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Tables 5.4 and 5.5 are descriptions of distress types found in aggregate-surfaced and
brick, block or cobblestone pavements, respectively.

Table 5.4 Distress Types for Aggregate Surfaced Pavements (10)

DISTRESS TYPE

DESCRIPTION

Corrugations

Corrugations (also known as washboarding) are
closely spaced ridges and valleys (ripples) at fairly
regular intervals. The ridges are perpendicular to
the traffic direction. Thistype of distressis usualy
caused by traffic and loose aggregate. Theseridges
usually form on hills, on curves, in areas of
acceleration or deceleration, or in areas where the
road is soft or potholed.

Dust Generation

The wear and tear of traffic on unsurfaced roads
will eventually loosen the larger particles from the
soil binder. Astraffic passes, dust clouds create a
danger to trailing or passing vehicles and cause
significant environmental problems.

Improper Cross Section

An unsurfaced road should have a crown with
enough slope from the centerline to the shoulder to
drain all water from the road’ s surface. No crownis
used on curves, because they are usually banked.
The cross section is improper when the road surface
is not shaped or maintained to carry water to the
ditches.

I nadequate Roadside Drainage

Poor drainage causes water to pond. Drainage
becomes a problem when ditches and culverts are
not in good enough condition to direct and carry
runoff water because of improper shape or
maintenance.

L oose Aggregate

The wear and tear of traffic on unsurfaced roads
will eventually loosen the larger aggregate particles
from the soil binder. Thisleads to loose aggregate
particles on the road surface or shoulder. Traffic
moves |oose aggregate particles away from the
normal road wheel path and forms bermsin the
center or along the shoulder (the less-traveled
areas).

Potholes

Potholes are bowl-shaped depressions in the road
surface. They are usualy lessthan 3 feet in
diameter. Potholes are produced when traffic wears
away small pieces of the road surface. They grow
faster when water collectsinside the hole. The road
then continues to disintegrate because of loosening
surface material or weak spots in the underlying
soils.

Ruts

A rut is a surface depression in the wheel path that
is parallel to the road centerline. Ruts are caused by
a permanent deformation in any of the road layers
or subgrade. They result from repeated vehicle
passes, especially when the road is soft. Significant
rutting can destroy aroad.
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Table 5.5 Distress Types for Brick, Block or Cobblestone Pavements (10)

Distress Type

Description

Displacement Localized surface areas with
horizontally displaced brick or block
caused by dipping or shoving of the
base material.

Heaving Bumps caused by frost heave, swelling
soils, or displacement of base material.

Pothole Depressions in the pavement surface
resulting from loss of brick or block.

Rutting Surface depressions in the wheel path.

Settlement Difference in elevation across joints

between paving blocks or bricks; usually
due to consolidation or loss of the
subgrade soil.

AASHTO Distress Survey Protocots: Continuous work is being performed to standardize the
definitionsand procedures for collection of pavement surface distresses nationwide.
NHI is currently offering a course on the SHRP Distress Identification Manual (9)
where the emphasisis on standardizing distress definitions. The SHRP manual
considers distress type of asphalt concrete, jointed Portland cement concrete and
continuously reinforced Portland cement concrete pavements. A 1994 survey (27)
found the widest variation among statesin the collection and use of pavement distress
information. Thereislittle evidence of standardization, and the report encourages the
incorporation of SHRP methods to facilitate the exchange of pavement condition

information.

In addition, the FHWA isin the process of developing data collection protocols for
pavement distresses. A fina draft was completed in October 1996 and distributed to
the states for comments. The protocols were devel oped with the input for 5 states
(Georgia, Pennsylvania, Massachusetts, Kentucky, and South Dakota) as well as
AASHTO and the American Society for Testing Methods (ASTM).

The protocols include the following:

Cracking protocols for asphalt pavements

Faulting protocols for concrete pavements
Rut depth protocols for asphalt pavements
Roughness protocols

w W W W W W

Cracking protocols on jointed concrete pavements
Cracking protocols for continuously reinforced concrete pavements
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Each protocol contains a definition of the distress type, the three severity levels and the
procedure for rating using both manual and automated surveys. In addition, a section
on quality assurance isincluded.

It is anticipated that the final protocolswill be published in 1997 and be included in the
American Association of State Highway & Transportation Officials (AASHTO) new
guide for pavement management (expected to be completed in 1998 or 1999).
Appendix 5B contains the final draft (dated October 1996) of the so-called AASHTO
protocols.

ManuaL Distress Surveys: Manual distress collection can vary from a detailed walking survey
to ariding survey at 50 miles (80 km) per hour. In general, the methods in use include
the following:

1. A detailed walking survey of 100% of the pavement surface in which all distress types,
severities, and quantities are measured, recorded, and mapped;

2. A detailed walking survey of 100% of the pavement surface in which all distress types,
severities, and quantities are measured and recorded,;

3. A waking survey of asample of the pavement surface in which all distress types, severities, and
quantities within the sample areas are measured and recorded;

4. A walking survey of asample of the pavement surface in which all distress types, severities, and
quantities within the sample areas are estimated and recorded;

5. A windshield survey in which distress types, severities and quantities are estimated while riding
on the shoulder at a slow speed with periodic stops where selected distress types, severities, and
quantities within the selected area are estimated and recorded while walking;

6. A windshield survey at normal traffic speeds in which some distress types, severities, and
quantities are estimated while riding with periodic stops where distress types, severities, and
quantities within the selected area are estimated and recorded while walking or standing along
the edge of the pavement surface;

7. A windshield survey in which distress types, severities, and quantities are estimated and recorded
while riding on the shoulder at a slow speed;

8. A windshield survey in normal traffic in which distress types, severities, and quantities are
estimated and recorded; and

9. A windshield survey at normal traffic speed in which the rater gives the pavement a general
category or sufficiency rating without identifying individual distress types.

In general, the cost, accuracy, precision, and resolution decreases from 1 to 9 while the
subjectivity increases. However, aslong as people are performing the surveys, thereis
no way to completely eliminate subjectivity from the process. The same definitions of
distress types and severities can be used for each method; however, the ability to
identify lower severity levels decreases from 1 to 8. In addition, fewer distress types
are able to be identified and recorded as the speed of travel increases. In many riding
surveys, only the higher severities are included and relatively few distress types are
collected. The same methods of defining quantities can also be used; however, the
accuracy of quantity estimates decreases from 1to 8. In general, when riding surveys
are used, the raters are often required only to identify categories of quantities, such as 1
to 5%, 6 to 15%, etc., rather than estimate actual quantities. The sufficiency rating
procedure described in 9 is generally not considered acceptable for pavement
management purposes. NCHRP (27) reports that atotal of 40 states still use amanual
survey. Only 8 use automated procedures.
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Recording Distress Data: [N any of the collection measures, many different methods of
recording the data are available. In general, the distress data can be recorded on paper
formsfor later entry into the database, or the data can be entered into a portable
computer. The portable computer must be hand held for walking surveys. It can be
mounted in the vehicle for riding surveys. The data can be entered through a standard
termina keyboard or through a specia keyboard on which distress types and severities
have specia keys. The datain the computers can then be transferred to the database
electronically. The latest innovation isthe use of eectronic clipboards in which the
rater writes or makes checks on the screen. Recording the data on computers decreases
data entry errors because it is recorded only once; however, the agency must purchase
the computers and buy, or program, the data entry programs. Reference 11 describes
many different data recording procedures.

The following examples illustrate sample data collection sheets for mapping
and recording distress data for the SHRP procedure (9).
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Figure 5.1 Sample Data Collection

{

Sheets

SHRP Section ID

I6arY

4 45m

417474

G
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37

32

Comments:

8b-2

®

IEM-17.5

16-4.5 (2) °™ G e

I5L-7
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Figure 5.1 Sample Data Collection Sheets, cont.

Revised May 29, 1992

STATE ASSIGNED 1» ! 2 3 4
SHEET &
DISTRESS SURVEY STATE CODE 2%
LTPP PROGRAM SHRP SECTION ID @ 1+ & I
DISTRESS SURVEY FOR PAVEMENTS WITH JOINTED
ORTLAND CEMENT CONCRETE SURFACES
DATE OF DISTRESS SURVEY (MONTH/DAY/YEAR) $L/12762
SURVEYORS: J $ R, & e
PAVEMENT SURFACE TEMP - BEFORE __ __ | @ °C; AFTER __ __ _[ Goc
PHOTOS, VIDEO, OR BOTH WITH SURVEY (F, V, B) P_
SEVERITY LEVEL
DISTRESS TYPE Low MODERATE HIGH
CRACKING
1. CORNER BREAKS (Number) N __ ¢ __3
2. DURABILITY "D" CRACKING
(Number of Affected Slabs) __ Y < — %
AREA AFFECTED
(Square Meters) - . . ¢.¢ —_ 0.8 —_—_—cf.8
3. LONGITUDINAL CRACKING
(Metexs) —_— ﬂ_.ﬁ_ —_— i.l_ —_— .QQ
Length Sealed
(Meters) — 9.4 - _Q_Q —_— 3.
4. TRANSVERSE CRACKING
(Number of Cracks) . & - _ 41 o
(Meters) . —_ 1.8 - .. 3.5 — %9
Length Sealed
(Meters) o __éi —_— _i_g_ —_— _Qi
JOINT DEFICIENCIES
5a. TRANSVERSE JOINT SEAL DAMACE
Sealed? (Y, N) Y
If "Y" Number of Joints 8 4 2
5b. LONGITUDINAL JOINT SEAL DAMAGE
Number of Longitudinal Joints that have been sealed (0, 1, or 2) 2
Length of Damaged Sealant (Meters) Y.
6. SPALLING OF LONCITUDINAL JOINTS
(Meters) — %% __d.¢ _ _ 3.4
7. SPALLING OF TRANSVERSE JOINTS
Number of Affected Joints _ g _ ¢ _ @
Length Spalled (Meters) — g —_——g.g __ &d.&
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Figure 5.1 Sample Data Collection Sheets, cont.

SHEET 5
DISTRESS SURVEY

LTPP PROGRAM

Revised May 29, 1992

STATE ASSIGNED 1D } 2 3 4

STATE CODE

2
SHRP SECTION ID e 14

DISTRESS SURVEY FOR PAVEMENTS WITH JOINTED
PORTIAND CEMENT CONCRETE SURFACES

DISTRESS TYPE

SURFACE DEFORMATION

8a.

8b.

10.

MAP CRACKING (Number)

. (Square Meters)

SCALING (Number)
(Square Meters)

POLISHED AGGREGATE
(Square Meters)

POPOUTS (Number per Square Meter)

MISCELLANEOUS DISTRESSES

11.

12.

13.

14,

15.

16.

17.

BLOWUPS (Number)

FAULTING OF TRANSVERSE JOINTS AND CRACKS - REFER

LANE-TO- SHOULDER DROPOFF - REFER TO SHEET 7

LANE-TO-SHOULDER SEPARATION - REFER TO SHEET 7

PATCH/PATCH DETERIORATION
Flexible

(Number)
(Square Meters)

Rigid

(Number)
(Square Meters)

WATER BLEEDING AND PUMPING
(Number of Occurrences)
Length Affected

(Meters)

OTHER (Describe)

‘COE:INUED[

SEVERITY LEVEL
e T woomars " e
. _9
—_— .0
_T1%
9.0
4
4

TO SHEET 6

—— % & &
_TZe _"3% _—3g

] 2
_TTg _3iT3: _—3%
—_ R
__4s
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Figure 5.1 Sample Data Collection Sheets, cont.

Revised April 23, 1993

STATE ASSIGNED IdD _! 2 3 4
SHEET 6
DISTRESS SURVEY STATE CODE 2 8
LTPP PROGRAM SHRP SECTION ID @ 1 g I
DATE OF DISTRESS SURVEY (MONTH/DAY/YEAR) § 6/ ! 2/9 2
SURVEYORS: ¥ 5 R, £ I ¢
DISTRESS SURVEY FOR PAVEMENTS WITH JOINTED
ORTLAND (! CONCRETE SURFACES
COl D
12. FAULTING OF TRANSVERSE JOINTS AND CRACKS Page | of |
Joint
Point?! or  Crack Well Length of Joint
Distance Crack Length Sealed Spalling, m Faulting?, mm
(Meters) (J/C) (Meters) (Y/N) L H 0.3m 0.75m
-~¢L I —— - o-_ g _ &-_ - __¢
-_2¢ T - - ¢ @ @ -3 __4
~1dé —— - ¢-_ — @ --2 __3
~422 ¢ 3.5 Y —— — — -2 __t
_1s5é 3 — - é-_ @ @ _ -y __2
_2¢.2 I — - e._ ¢._ & --4 __58
_25¢ kY — - @ o ¢ _ -3 __z
~-3¢.¢ g — - ¢ - g —-—L __¢
_35¢é g — - ¢ - ¢ --L __¢
_388 I  _._ _ _ g ¢ __§ -4
~H4g.8 I — - @-_ e ¢-_ -3 =M
_4s¢ I — - ._ -2 - -2z __3
-5¢.86 I —— - e _ @ ¢ —-L __¢
_55¢ — - e g-_ €. _-r __¢
~%¢¢ I _._ - ¢ g _ é.-_ -2 1
Note 1. Point Distance is from the start of the test section to the
measurement location.
Note 2.

If the “approach" slab is higher than the "departure” slab, faulting
is recorded as positive (+ or 0); if the "approach" slab is lower,
record faulting as negative (-) and the minus sign must be used.
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Figure 5.1 Sample Data Collection Sheets, cont.

Revised May 29, 1992

STATE ASSIGNED 10 | 2 3 4
SHEET 7

DISTRESS SURVEY STATE CODE

2
LTPP PROGRAM SHRP SECTION ID Q19 1

DISTRESS SURVEY FOR PAVEMENTS WITH JOINTED
PORTIAND CEMENT CONCRETE SURFACES

(CONTINUED)
13. LANE-TO-SHOULDER DROPOFF
14, LANE-TO-SHOULDER SEPARATION
Point! . Well
Distance Lane-to-shoulder? Lane-to-shoulder Sealed
Point No. (meters) Dropoff (mm) Separation (mm) Y/N)
1. 0 __4. - b
2. 15.25 __B8 __6G. v
¢ v
¥

Note 1. Point Distance is from the start of the test section to the
measurement location. The values shown are SI equivalents of the
50 ft spacing used in previous surveys.

Note 2.

If heave of the shoulder occurs (upward movement), record as a
negative (-) value. Do not record (+) signs, positive values are
assumed.
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Y et another procedure for collecting data was developed by the Texas Innovation
Group and distributed by the U.S. Department of Transportation’s Technology Sharing
Program (12).

This survey includes both a data form for recording type, severity, and extent of
distress, and a scoring key for determining distress points for each distress type.

Figure 5.2 is a completed sample data form for flexible pavements. The steps required
to complete the data form are:

1. Identify the distresstype
2. Determine the degree (severity) of distress
3. Estimate the percentage of area affected

The distress type and severity should be determined using the standard definitions and
photographs included in the manual. When the distress type and severity have been
determined, the percentage of areais estimated as one of the ranges shown.

Once the distress data form has been completed, distress points are assigned to each
distresstype. Thisisdone using the scoring key shown in Figure 5.3. For example, on
the completed form in Figure 5.2, rutting was noted as slight and occurring on less than
15 percent of the area. From the scoring key, the distress points for this condition
equal 0.

For both longitudinal and transverse cracking, the score depends on whether the cracks
are seded, partially sealed, or not sealed. The overall score for the segment is the sum
of al its scoresfor individual defects.

Thetotal distress points indicate the condition of one section relative to others. A
higher distress point total indicates a poorer pavement. The Training Manual suggests
maintenance action for any segment with a score above 10, and reconstruction of any
segment with a score above 50. Y our county may choose different cutoff scores.

The advantages of this method include:

§ Distresstype, severity, and area are accounted for.

§  Visua inspections are used instead of detailed measurements.

§ It may be used for any size network.

§  Scoring key provides emphasis for more important distress types.
Some disadvantages are;

§ Therating scaleisnot 0 to 100.
§  Maintenance categories are very broad.
§  Prioritiesare difficult to establish.
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Figure 5.2 Inventory Data Form (12)

INVENTORY DATA FORM A
(Flemitle Paveman)

Straat Nama Shakespenry Section Mo, §
From Romao To Juliat
Typas of Distress Degres of Distress Paicantage of Area
1-15% [ 16-30% | 31%-

RUTTIMNG Shght ¥

0 Modaraie

Score

Savars

RAVELING Shght

17, Moderate L

Score

Sevare
FLUSHING Shight v
5. Modarate
Score

Severe
CORRUGATIONS Slight
A Madarate +
Score

Savare
ALUGATOR Shight

R
CRACKING Moderate
Seare Severe \l
;nm.wenx Slight V Check One.

RACKING Seaed

Mode ad _

7 e Partially Sealad Y
Erare Sevare Kot Seaied _
LORGITUDINAL Sligh Chack Oina:
CRACKING Moderate v Sealed _r'-u
o Pamially Sealsd
Sror Severs Hat Seued Y
PATCHING Shght
;5; Moderale ¥
Scom

Severs
T8
Totad
Distrmas Poants
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Figure 5.3 Scoring Key — Flexible Pavement (12)

SCORING KEY A
{Flexible Pavement)

Street Name Shakespears SectionNo._____ 9
From Romeo To Juliet
Types of Distress Degree of Distress Percentage of Area
1-15% 16-30% 1%~
RUTTING Slight 0 2 5
Moderate 5 7 10
Severe 10 12 15
RAVELING Slight 5 8 10
Moderate 10 12 15 i
Severs 15 18 20 g
L
FLUSHING Stight 5 8 10 E
Moderate 10 12 15
Severe 15 18 20
CORRUGATIONS Slight 5 8 10
Moderate 10 12 15
Severe 15 18 20
ALLIGATOR Slight 5 10 15
CRACKING Moderate 10 15 20
Severe 15 20 25
S |PSINS|S |PSINS] S [PsiNS
TRANSVERSE Slight 2| s| 8 7110} 3] 7|12 é:?:;’;ﬁ, Sealed
CRACKING Moderate 5| 8l10] 7]ro]1s{ 7]13]1s| NS=NotSeales
Severe 8 110]15[10]15]20]12|15|20
S |PSINS|S |PSINS| s |Ps|ns
LONGITUDINAL Slight 2 8 7110) 31 7§12
CRACKING Moderate s] 8|10} 7[10[1s] 7|13 [1s
Severe 8 |10{15 {10|15|20{12]|15]20
PATCHING Slight 0 5
Moderate 5 7 10
Severe 7 15 20
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Aswas mentioned earlier, PAVER is another common distress survey procedure.
PAVER is a maintenance management system developed by the U.S. Army Corps of
Engineers for use on military bases. The American Public Works Association
(APWA) Research Foundation offers the PAVER system compl ete with computer
service.

The PAVER condition rating (2) is based on a pavement condition index (PCI) which
isascale from 0 to 100 that measures both the structural integrity and surface
condition.

The pavement section must first be divided into samples. All samples may be
inspected, or a smaller number of random samples may be chosen to represent the
entire section. Statistical methods are used to determine the number of samples
required.

Figure 5.4 shows a completed data sheet for concrete pavements. One data sheet is
required for each sample unit.

The inspector compl etes the data form by walking over each sample unit and recording
the measured distresses. A sketch is made of the sample unit using the preprinted dots
which represent joint intersections. The appropriate number for each distressfound in
the slab is entered in the square representing the slab. The distressis also noted as low,
medium, or high severity.

A portion of the inspection sheet is used to summarize the distress and severity levels
found in each sample unit. The PCI is calculated using the following steps:

1. Thededuct values are determined for each distress type and severity using deduct
valve curves. For example, the deduct value curve for distress No. 22, corner
break, is shown in Figure 5.4. The deduct value is determined by entering the
graphs at the distress density percent, which is 5, found opposite distress type 22 in
the “% Slabs’ column of the completed inspection sheet. Following the 5 percent
line upward, it can be seen that it intersects the medium severity (M) curve at the
deduct value of 8. Deduct valuesfor al distresses are determined using the
appropriate curves.

2. Thetotal deduct value (TDV) is computed by summing all individual deduct
values. The TDV is29in thisexample.

3. Oncethe TDV iscomputed, a corrected deduct value (CDV) must be determined
using correction curves. The correction curve for jointed concrete pavement is
shown in Figure 5.5. Notice the note that “q = number of deducts greater than 5
points.” The completed inspection sheet shows two distresses, No. 22M and
No0.28M, with deduct values greater than 5. The CDV is determined by entering
the graph at TDV = 29 and moving upward to the intersection of the g = 2 curve.
This corresponds to the CDV vaue of 24 as shown on the completed sample.

4, ThePCl is100-24 or 76.

5-21




PAVEMENT CONDITION SURVEYS

Figure 5.4 Completed Jointed Concrete Sample Unit Inspection Sheet (2)

FORM A

CONCRETE PAVEMENT INSPECTION SHEET

BRANCH __MARSHALL AVE.

SECTION 2
SAMPLE UNIT L
SLAB SIZE _/5 X 20

pate ___/0/3/7%
SURVEYED BY ___SK
[ ]
10
9
8
7
6
, 28L
. 38L
. 28M
. 38L
3 22L
2 22M
I 28M
* l é 3

4

Distress Types

2!. Blow-Up 31
- Buckling/Shattering

22. Corner 8reck 32

23. Divided Slab, |, 33.

24. Durabiiity (D7) 34,
Craciing 35

25. Foulting

26. Joint Seal Damagge 3 6.

27. Lone/Shidr Drop Off
28. Linear Cracking
29. Parching, Lorge 8

37.
38.

Polished
Aggregate
Popouts

Pumping
Punchout
Roilrood
Crossing
Scahing/Map
Cracking/Crazing
Shrinkege Cracks
Soalling, Corner

Util Cuts 39. Spailing, U
30. Patching, Small Jont
ol ll Ll 22222272727 Lkd b2 bl 22020 24
DIST. NOEX| o DEDUCT
TYPE | SEV. | sLA8S | sLa8s | vALuE
26 % M VA X7
22 T 7 5 <
22 M / Ks g
28 L / s 3
28 M 2 /0 9
38 L 2 /0 !
oeouct TotaL §=2 29
CORRELTED DEDUCT VALUE (COV) 24
PCr s100-COV = ___ 764

® RATING =

&R

® Ail Distresses Are Counted On A Slad-By-Slob Bosis Excepr
Jistress 26, Whicn Is Rated For the Entire Sampie Umit,

® ¥ Toral Number of Siads Containing Each Distress of

Some Severity
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Figure 5.5 Deduct Value Curve
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Figure 5.6 Correction Curve for Jointed Concrete Pavement

100 -
/

90 [ /’/ // <
80 & [ o5 o A
70 &,’b %‘-’//’;/ ng |

@ /’
5 - L1 A

L~ 7
40 L Z ) ber of ded

H : 4
% ;é A 3 orecter thon 5 points
20 /L///é 7
// A

'0 r Ak -

O 10 20 30 40 50 60 70 BO 90 100 110 120 130 140 IS0 160 7O 180 130 200
TOTAL DEDUCT VALUE (TDV)

5-24



PAVEMENT CONDITION SURVEYS

The PAVER system has proven effective on military installations and in several cities
throughout the country. However, its use by local governments has some
disadvantages. Among them are:

§  Sections must be divided into sample units. Each sample unit requires one dataform. This
gresatly increases the volume of records for manual systems.

§  Eachdistressin each sample unit must be physically measured. This greatly increases inspection
time and costs.

§  Thenumber of units to be inspected is based upon statistical samplings. If the range of PCI’'s
within a section varies greatly, additional units will have to be inspected, and second or even
third field inspections may be necessary.

§  The PCI computation may become tedious for alarge network.
§  For even small networks, manual systems may not be practical.

PAVER has the advantage of being arather precise distress survey technique which
produces consistent results when repeated. The rating procedure produces a
meaningful and very accurate measure of pavement condition. PAVER also hasthe
advantage of being supported very actively by the APWA.

Training Raters: FOr any given method of distress data collection, the accuracy and
precision are afunction of the training of the data collection personnel, the clarity of
distress identification manuals, and the quality control practiced by the agency. The
distress identification manuals must be clear so that the rater aways has a standard to
which torefer. A clear manual and comprehensive training reduce subjectivity.
Reference 6 is an example of a distress identification manual used in many agencies
across North America.

In most agencies, inspectors only collect distress data a few weeks each year. Annual
training sessions are necessary before each distress collection period, even for those
who have inspected pavements before. Inspectors are more accurate if they know their
work is going to be checked. In general, aquality control program should be
established in which a small percentage of the pavements inspected are re-inspected by
supervisory staff or other inspection teams. Three to five percent is often used. If the
inspections between teams diverge, the inspectors should be put through a refresher
training course.

Typical Manual Walking Survey Procedures: [N walki ng surveys, pavement inspection is
typically conducted on selected inspection units in the management section. An
inspection unit isasmall segment of a management section selected of convenient size
that is then inspected in detail. SHRP uses inspection units, 120 m long by one lane
wide. Typical agencies would use inspection units from 50 to 200 feet (15 to 60 m)
long by one to four laneswide. Generally, inspection units should have ardatively
uniform size within a management section. Most states such as lowa, New Mexico,
and Pennsylvania, still use some form of manual surveys. As stated earlier, 40 states
still reported using manual or windshield surveysin 1994 (27). However, in recent
years, more states are beginning to move towards automated surveys.

The units inspected may be selected at random or through a defined sampling
procedure. Some agencies select inspection units to “represent” the section, whereas
others select inspection units at a set frequency, e.g. one every quarter kilometer.
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The inspector then inspects the sample unit by walking the pavement. The inspection
can be completed while standing on the shoulder. The inspector identifies and records
each distress type, severity and amount present in the inspection unit. The type,
severity and amount must correspond to those defined in the appropriate distress
identification manual. The quantities and severities should normally be estimated using
measuring techniques as accurate as measuring wheels or tapes to pacing.

Data may be recorded using a hand held microcomputer, a pen based computer
(electronic clipboard), or a data collection sheet. Thetotal quantities for each distress
type and severity are automatically tallied in the data collection devices. The inspector
must sum them after returning to the office if data collection sheets are used.

Typical Windshield Survey Procedure: The windshield survey is conducted from a moving
vehicle. Reference 13 isan example of such asurvey. The inspector travels the road
management section in avehicle travelling at about 5 to 15 miles (8 to 20 km) per hour.
The distresses are visually identified by the rater, and the area affected is estimated as a
percentage of the road surface (13).

Five distress types, drainage and roughness are rated by the inspector. Alligator
cracking, edge cracking, and longitudinal/transverse cracking are each rated with three
severity levels and three levels of extent (quantity). Patching/potholes are rated with
three levels of extent but without considering severity. Rutting israted with two levels
of severity but without information on quantity. Roughness and drainage are related
with three severity levels without information on quantity.

The damage quantities are estimates of the percentage of the entire management
section affected and are generally in categories such as (13):

Low the total section length affected is less than 10% of the section length

Moderate  thetotal section length affected is between 10% and 30% of the section
length

High the total section length affected is more than 30% of the section length

The information is determined as the inspector travels along the road on asingle
management section and is recorded on a data collection sheet, digitizing tablet, or
laptop computer. At the end of the management section, the data must be finalized by
completing the data collection sheet or storing the collected datain the lap-top
computer.

The collection of distress data using quantity categories limits the use of the data. The
change in quantities will not be a smooth function over time. Instead, the changein
guantity over time will be a step function, and it often may jump back and forth
between categories when the quantity is near alimit of the category, e.g. when the
guantity is near 10 or 30% in the example shown above. This can lead to instability in
the data over time.

Automaten Distress Survevs: Manual distress survey procedures are slow, labor intensive, and
subject to transcription errors. Consistency between classification and quantification of
the distresses observed by different raters can also be a problem. Once the data has
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been summarized and corrected for transcription errors, the only recourse for checking
apparent anomaliesin the dataisareturn visit to the field. Safety of field crewsisaso
another concern.

To minimize these problems, methods have been devised by various agencies to
standardize distress classifications and to speed up the survey process by automating
the recording, reduction, processing, and storage of the data. Small hand-held
computers and data loggers have been used.

Vehicles, which take photographs or other visual images of the pavement, have been
developed to speed the field data collection time and provide a permanent visual record
of the actual pavement condition. A new class of condition survey vehiclesis
emerging which uses objective measures of the pavement surface to classify and
quantify different types of distress. The direction of current development in distress
survey equipment is the use of video imaging to take a picture of a portion of pavement
and, by using pattern recognition technology, classify and quantify distress directly
without the subjective evaluation of human raters.

An automated distress survey can be classified as any method in which distress datais
entered directly to the computer in the field during the distress survey. Thistype of
automation can greatly reduce errors associated with transcribing data from paper
forms as collected in the field into computer files which will be used in road surface
management. Other benefits of automated distress surveys include increased safety for
survey crews, faster and more accurate surveys, less expensive data collection, and
more repeatable surveys.

As mentioned above, imaging and distance measuring techniques are being devel oped
to measure distress (3,4,14). There are severa classes of automated data collection and
interpretation as summarized below:

1. Distressimages are collected on film or high resolution video, image
analysis techniques are used to identify type, severity, and quantity of
individual distress types while the vehicle collects the data;

2. Distressimages are collected on film or high resolution video, image
analysis techniques are used to identify type, severity, and quantity of
individual distress typesin the office after the vehicle collects the data;

3. Distressimages are collected on film or high resolution video, atrained
observer isused to identify type, severity, and quantity of individua distress
types in the office while viewing the images after the vehicle collects the
data;

4. Lasers are used to determine changes in surface texture and distance which
are interpreted to determine some distress types by computer algorithms;

5. Lasersor other methods are used to measure distance to determine specific
distress types such as rutting in asphalt concrete pavements.

In general, as the survey type increases from 1 to 3, the subjectivity increases. The
resolution is a function of the equipment used to make the image. In general, 35 mm
photography has higher resolution, but it must be digitized for image analysis by
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computers. Resolution in photography is afunction of the film speed, coverage area,
and lighting. Video isbasicaly adigitized format when the image is made, and
resolution is a function of the number of pixels per distance, the shutter speed, and
lighting. The resolution of the laser equipment is afunction of the size of the laser
point and the analysis algorithm used to convert changesin texture to distress.

Item 5 above recognizes that it is possible to use special equipment to measure certain
types of distress. The"rut bar” isthe most commonly used. A seriesof distance
measuring devices are placed on a horizontal bar. The differences among the
measurements of the devices are used to develop atransverse profile of the pavement
surface from which the amount of rutting can be determined. Initem 5, the resolution
isafunction of the number of distance measuring devices and the precision of the
distance measuring process. The precision isafunction of the number of measuring
devices and the location differences between repeat runs.

The precision and accuracy are functions of the interpretations, the lighting, and the
placement of the imaging during repeat runs. The laser-based systems have more
precision problems because they view small areas which are combined to give
estimated distress information. If arepeat run isafew millimeters (inches) off from the
location of the first run, the information can be quite different.

For the imaging systems, the images can be affected by shadows from trees, poles, etc.
The direction of the sun can also change the image from one time of day to another.
Any of the approaches can control the lighting conditions either by enclosing the
camera and pavement with fixed lighting or by completing all surveys at night and
using fixed lighting. The lights can be set at an angle so that known shadows can be
used to help identify crack widths, elevation differences, etc.

One of the sdlling points for using automated distress survey proceduresisthat they are
less subjective than manual surveys. However, the subjectivity is afunction of the type
of interpretation. In the simplest form, the images are manually interpreted. The
distressidentification is still manual; the inspector identifies, quantifies, and records
distress from the image rather than from the pavement surface directly. This takesthe
inspector off the road and reduces traffic interruption, both of which are extremely
important for safety on high volume highways, but subjectivity is still present.

The least subjective system is the automated analysis of the images. However, image
analysis by automated means has been found to be quite complex. The distresses can
take many patterns. This requires pattern recognition algorithms that can distinguish
between types of cracks, between a patch and pavement markings, etc. Some distresses
such as weathering and raveling do not appear on images very well and must be
interpreted based on surface texture or other approaches. The pavement surface texture
varies considerably between pavement surface types which must be considered in the
interpretation. The fact that colors of pavement surfaces vary considerably must also
be considered. All of this has prevented any of the systems from completing afully
automated interpretation process at the time this was prepared.
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At the current time, any distress information collected and reduced using automated
procedures needs to be carefully analyzed to determine the accuracy, precision, and
resolution.

The exception to this is the measurement of rutting with distance measuring equipment,
often referred to as “rut bars.” These devices are generally quite accurate, are capable
of collecting data more often than could normally be collected manually, and give
information in a quantitative form ready to use.

5.6 Automated Condition Survey Equipment

Most states use automated equipment to collect pavement friction, roughness, profile,
rut depth, and deflection data. Most still perform visual distress surveys but this
process will change drastically inthe 1990's. Table 5.6 contains alist of the primary
devices used to collect these indictors. Table 5.7 lists equipment used since the 1940's,
devices used today, and projected equipment beyond the year 2000.

TABLE 5.6 Summary of Primary Condition Data Collection Equipment Used By the States.*

DEVICE FRICTION [ ROUGHNESS | PROFILE| RUT DEPTH| DISTRESS| DEFLECTION
Locked Wheel Most all
Mays/Cox 18
KJ Law 9 9
8300/690
ARAN 6 5 5
Laser RST 2 2 2
SD Road 24 24 24
Profiler
Dynaflect 6
Road Rater 13
FWD 32

*The 50 States, the District of Columbiaand Puerto Rico.

Note: Totals exceed 52 in some cases due to concurrent data collection for the
purpose of correlating data collected with a new device to the historical database.
Totals may also be lessthan 52 if automated equipment is not used.
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Table 5.7 Automated Pavement Condition Data Collection Trends in Technology

TIME FRICTION ROUGHNESS PROFILE RUT DISTRESS DEFLECTION
PERIOD DEPTH
Pre Subjective Subjective NM Subjective Subjective NM
1940 + + 1 ) 4 i
1940 to Lw RTRRMs NM Manual Subjective Static
1960 ¢ + 4 + 4 +
1960 to Lw My RTRRM s A few Mangual Subjective Steady State
1980 4 + Profilers ¢ + Profilers ¢ ) 4 & Manual ¢ + Dynamic &
1980 to Lw RTRRMs & Increasing No. | Manual, Laser | Subjective, Acoustic | Steady St. Dyn.
1990 + 1 Mo Profilers + of Profilers 4 | ¥ Acoustic ¢ ¢ Laser & Video ¢ | — ¢ Impulse |
1990 10 LW-Video Mauy Profilers Profilers Acoustic & Video & Image Impulse
2000 4 &Jor Laser? ¢ ) t 4 Laser ¢ + Processing. ¢ ]
Beyond L#(o; o Profilers Profilers Laser or Image Processing & Laser or
2000 Video? Video? Pattern Recognition Video?

LW = Locked Wheel Skid Trailer RTRRMs = Response Type Road Roughness Meters NM = Not Measured

Predicted use based on information received from state PM p

, and

X bt

s, T

suppliers (shaded).

Distress: M ost State Highway agencies still use avisual survey as the basis for distress
data collection. The manual process, however, will be transformed to a highway-
speeds data collection process during the 1990’s. The subjective visua distress survey
has been enhanced considerably by the addition of condition survey keyboards. The
keyboards permit the rapid entry of large quantities of data, and eliminate transcription
errors since data is uploaded electronically to the central database.

Several technologies hold great promise for accomplishing high-speed distress data
collection: laser technology, film-based systems, and video systems. Laser systems
detect some cracking, but reliability and repeatahility is poor. In addition, no visual
record of the condition is available. Film-based systems such as the PASCO Road

Survey System (Figure 5.7) being used by the Strategic Highway Research Program
provide very highly resolved, proportionally scaled images of the pavement surface.
Other agencies using the PASCO system are the Arizona, Connecticut, Illinois, and

lowa Departments of Transportation.
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Figure 5. 7 PASCO Road Survey System

The PASCO 35-mm film technology produces a continuous film of the pavement that
can be readily digitized with automated equipment. The system operates at night using
external illumination to emphasi ze distresses on the film. Widths of up to 16 ft. can be
photographed with the system. In the office the strip film is processed, and distresses
are manually measured on afilm digitizer. Any type of distress on any type of
pavement can be determined. A similar system, the GERPHO has been used in France
since the mid-1970’s.

PASCO has devel oped a system to measure rut depth and transverse profile across a
full lane width. A rear-mounted camera photographs a hairline projected on the
pavement surface by a pulsing strobelight. (Figure 5.8). Measurement intervals can
be programmed by the operator. Fifty-foot intervals are usually selected. The
photographed hairline parallels the pavement surface. Using the fixed geometric
configuration of the camera and strobe projector the rut depth can be accurately
measured in the office. Excellent correlation between manual measurements and the
PASCO process have been recorded.
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Figure 5.8 PASCO Road Survey System Rut Depth Measurement
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Figure 5.8 PASCO Road Survey System Rut Depth Measurement, cont.
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The cost of the PASCO system exceeds most state’ s budget for network level surveys.
Video systems hold great promise as alow-cost, reusable substitute for film, and
eliminates film devel opment.

The ARAN, the Australian Road Evaluation Vehicle, the MHM Associates ARIA
system, Pavedex’s PAS-1 device, the PaveTech VIV unit, and the VideoComp trailer
use videos to record pavement images. The Roadman-PCES system uses a line camera
and dlightly different process. Depending on the device 1,2,3,4, or 5 cameras record
surface distresses. Multiple camerainstallation permits detection of 1/8” or finer
pavement surface cracks. Table 5.8 compares the relative cost and resolution of
various image media.
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Table 5-8 IMAGE MEDIA COMPARISON

MEDIA RELATIVE COST LINES OF
RESOLUTION

35 mm Film High 1700 — 3500+

VHS Low 250+

¥ inch Video Tape Low 340+

SVHS Low 400+

The ARAN is a high speed, multi-functional, and diverse road/infrastructure data
acquisition vehicle. It has the capability to measure pavement condition and distresses
required for comprehensive pavement management. User agencies of the ARAN
include state, county, and city transportation departmentsin over 20 countries
worldwide, 30 states within the United States, and 7 of the 10 Canadian provinces.

Two different onboard geometric subsystems are employed. The Standard Onboard
Geometrics and Orientation System employs three aircraft gyroscopes and
accelerometers that continually measure the roll, pitch, and heading of the ARAN. The
POS/LV Onboard Geometrics and Orientation System utilizes state-of-the-art military
aircraft grade gyroscopes, accelerometers, and Global Positioning System (GPS)
receivers al working in concert to provide enhanced survey level precision
measurements. The ARAN employs GPS to continuously monitor the ARAN’ s absolute
position in XY Z space with an accuracy of 50 to 100 meters.

ARAN employs two road roughness profile measuring systems. The Laser SDP
employs the use of lasersinstead of ultrasonic sensors. The second road roughness
profile measuring system is an inertial roughness profilometer. The ARAN also used a
“Smart Bar” for road rutting measurements. The“ Smart Bar” employs up to 37 ultra-
sonic sensors positioned at four-inch intervals across the entire transverse profile of a
12-foot lane. The rut is then measured to an accuracy of 1/32 of aninch. Most states
owning an ARAN measure rut depth using 13 sensors, obtaining a transverse point
every 12 inches.

Video logging is used to collect data. The ARAN can employ up to six video cameras.
The two onboard video logging subsystems are the Right-of-Way (ROW) windshield
video and the Pavement View (PV) video. The ROW consists of afull color video
camera mounted between the driver and passenger and looks forward out of the
vehicle' s front window to record a continuous video as seen through the windshield.
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Figure 5-9 The Automatic Road Analyzer (ARAN)

MHM Associates are the suppliers of the Automated Road Image Analyzer, ARIA
(Figure 5.10). The ARIA has the capabilities of measuring both pavement distress and
rut depth. The user vehicle for the ARIA is generally avan, which can operate at speeds
of 10 — 50 mph. The system components consist of avideo camerato collect data, a
distance measuring instrument (DMI) for data referencing to an accuracy of 1/100 of a
mile, and automated digitized processing through video imaging to analyze acquired
data. The minimum size crack that ARIA can detect is 1/8 — 1/16".

Currently, the ARIA is used primarily at the local level, such as the City of Corisicana,
Texas, and LaPorte County, Indiana.

5-35




PAVEMENT CONDITION SURVEYS

Figure 5.10 MHM Associates, ARIA
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Pavedex Inc. isthe supplier of the PAS-1, another automated pavement distress
collector (Figure 5.11). The user vehicle for the PAS-1 is avan that has the capacity to
operate at speeds from 0 to 55 mph. The system components consist of five video
cameras, 2 on the front, 2 on the rear, and one top center mount. Each camera can
cover aspan of 30 square feet, with a 50% overlap at 55 mph. The cameras record
pavement distress and the system utilizes automated digitized processing through video
imaging to determine cracks with awidth as small as 1/16”. The DMI used in the PAS
1 can measure with an accuracy of one foot. The PAS-1 also employs aroad videolog,
which is suitable for inventory of signs, aswell as roadside and condition monitoring.

The Pavedex PAS-1 is currently being used in 10 counties and 4 cities in the western

United States. Evaluations have been completed by Caltrans, Washington DOT, lowa
DOT, and the Kansas DOT.
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Figure 5.11 Pavedex PAS-1
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PaveTech Inc. is the manufacturer of the PaveTech Video Inspection Vehicle (VIV)
shown in Figure 5.12. The PaveTech VIV is an automated pavement distress collector
that utilizes five video cameras, similar to Pavedex’s PAS-1, to measure pavement
distress, roughness, rut depth, and road profile. The user vehicleisavan, which
operates as speeds from 0 to 60 mph. The system components consist of the cameras,
accelerometer(s), ultrasonic sensors, and a DMI with an accuracy of less than 0.5%.
PaveTech VIV uses this eguipment to measure cracks with awidth greater than or equal
to /16", produce the roughnessin IRI, the PSI, the rut depth profile, distressin three
dimensions, and araw distress database.
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Figure 5.12 PaveTech VIV

VideoComp (Figure 5.13) is a automated data acquisition vehicle that measures
pavement distress. It iscontained in atrailer that istowed behind a suitable vehicle at
speeds of up to 60 mph. The datais collected through the use of 4 video cameras,
which have the capability to measure cracks with a minimum width of about 1/10”.
VideoComp uses four 500-watt lamps adjacent to the cameras that are mounted in the
trailer to provide additional lighting. It also utilizes amonitor that checks all cameras
during data collection. The output from VideoComp is a crack map that illustrates the
location and extent of cracking on the road.
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Figure 5.13 VideoComp Trailer

Roadman-PCES Inc. is the manufacturer of the Pavement Distress Imager (PDI-1),
illustrated in Figure 5.14. The PDI-1 uses a step van on a 21-foot Grussan truck body,
operating at speeds of 0 to 60 mph, to record pavement distress through a continuous
line scan videolog. The PDI-1 measures pavement roughness through the use of a
ultrasonic transducer and a linear accelerometer. It has the capacity to measure crack
widths as small as 1/20”.
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Figure 5.14 Roadman-PCES

The following equipment measure rut depth and/or surface roughness.

The ITX Stanley Road Tester 3000 is a pavement survey device housed in a standard
van, or similar vehicle, that surveys distance, longitudinal profile, roughness, pavement
surface distress, and rut depths. It incorporates image capturing and global positioning
and istypically operated at speeds of up to 50 mph.

A transmission driven DMI is used to measure distance along the traveled pavement
section. The DMI transducer produces electronic pulses at a set frequency and
operating software trandates the signals into atraveled distance and recordsit asa
reference point for data being simultaneously measured/collected by each of the other
operating subsystems.
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The RT 3000 measures longitudinal profile and roughness through the use of 3
transducers; a height sensor which measures the distance between the vehicle and the
pavement surface while the vehicleistraveling at up to posted speed; an accel erometer
which measures the vertical accelerations of the vehicle asit bounces in response to the
pavement surface profile; the DMI to provide a reference measurement of the vehicle
asit traverses the road. Operating software and post processing software combine the
three measurements, eliminating the effects of vertical vehicle motion and thereby
defining the vertical profile of the pavement surface. The longitudinal roughness
profile of each wheel track is obtained using an accelerometer and height sensor in
each wheel track.

The RT 3000 also employs a surface distress recording subsystem. It includes specialy
designed data entry keyboards to automate the entry into the central computer of
observed surface distresses. The system identifies a wide range of distress
manifestations, identifies the severity in three classifications (low, moderate, and
severe) and quantifies them in a number of area coverage categories.

Rut measurements are conducted using a 5-sensor rut bar mounted in the front bumper
position on the survey vehicle. One sensor is placed in the center of the vehicle, one
sensor mounted in each wheel path, and one sensor placed outside each wheel path.
This configuration enables the calculation of each wheel track rut separately.

Thereis aso avideo-based system consisting of two or three cameras and two super
VHS video recorders. The cameras can be mounted facing downward, capturing an
image of the pavement surface, and facing forward, capturing the street-scope from
which the right-of-way data can be extracted. The RT 3000 uses a Global Positioning
System (GPS) to collect the position coordinates of any roadway feature of interest and
record its detailed attributes.

The Laser RST is amulti-function testing vehicle that was developed in Sweden and is
used by Infrastructure Management Services (IMS) in North America. The Laser RST
uses laser technology to identify the distress, profile, roughness, rut depth and
macrotexture of apavement. The system consists of video cameras, accel erometers,
laser sensors, a distance measuring instrument and a computer system. The system
uses 11 laser sensorsto collect data. Four of the sensors are used for identification of
cracks and the remaining sensors are used to collect information on rutting and
microtexturing. The data can be collected for small sections, such as block by block, or
for long stretches of roadway. Theinformation is collected and is stored in adatafile.
The datafile is then imported into a software program that is developed for each
agency based on the protocol specified. The system also has the capability to calculate
an IRI for the pavement in real time. The vehicle has the option of being equipped
with a GPS system.

The GIE System (GIE Technologies) performs a detailed assessment of the current
state of the road network and its weaknesses, provided by state-of-the-art
instrumentation loaded on board a specialized vehicle traveling at the speed of regular
traffic. The specialy fitted vehicle is equipped with alaser system, called BIRIS,
which captures data on the roadway surface conditions, such as ruts and cracks, and the
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longitudinal and transverse profiles of the road surface. In addition, the vehicle may be
equipped with a stereoscopic imaging system for roadway features, a georadar system
to capture data on the condition of sub-surface structure layers and an infrared camera
to detect problems with the adherence and lamination of multiple surface materials and
bridge sections. The vehicleis aso equipped with a GPS system for automatic
positioning of roadway data.

The BIRIS laser beam technology is a telemetric and photometric sensor using laser
beamsto collect information. Using the dual irises in the sensor’ s optical system, the
technology generates calculations of the distance to an object intersected by the laser
light beams. Using a set of six sensors, the vehicle is equipped to inspect surfaces
measuring up to 3.6 meters (12 feet) in width.

The GIE System generates continuous measurement of various parameters including:
roughness of the surface using IRI international standard; type severity and extent of
defectsin three dimensions, using SHRP and MTQ (Ministere des Transports du
Quebec) standards; continuous longitudinal profilesin both wheel paths; transverse
profiles acquired at regular intervals across the path of travel; positioning and
measurement of ruts; cracks and other defects; reconstitution of defectsin three
dimensions; classification of quantitative information; digitized photometric image of
the roads surface; and characterization of the road surface geometry (gradient and
crossfal).

A comprehensive analysis of the datais provided by a highly specialized management
program called PEAK. Theinformation collected by the laser, georadar and infrared
camera on the defects on the road surface and structure are processed and classified by
a computer on board the vehicle. Subsequently, compressed and archived data are
analyzed by the PEAK software, which extracts relevant information. PEAK conducts
apreliminary diagnosis and identifies the causes and processes of road deterioration.

Another automated pavement distress collection system is the Road Surface Analyzer
(ROSAN). The ROSAN series made its debut in 1997 after being developed at the
FHWA's Pavement Surface Analysis (PSA) Laboratory at the Turner-Fairbank
Highway Research Center (TFHRC).

The ROSAN devices electronically record macrotexture characteristics of pavement
surfaces, some at highway speeds. It incorporates alaser sensor, accelerometer, and
distance pulser in aunit mounted on wheels. The ROSAN comes in four models, each
with different operating characteristics:

The ROSAN,, isthe first in the series and has two modes of operation. In the (b) mode,
a computer-controlled trolley carries the laser sensor across a stationary 1-m reference
bean. Inthe (p) mode, the entire unit is manually pushed or pulled. Outputsinclude
macrotexture, grooving, and faulting.

The ROSAN, incorporates alaser sensor is mounted on a vehicle bumper and can be
operated up to speeds of 60 mph. Data can be recorded continuously for distances of
800 to 2300 feet, depending on data collection mode. The unit can be mounted on
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almost any vehicle fitted with a simple bumper-mounted trailer hitch. Outputs include
macrotexture, faulting, and grooving.

The ROSAN,, uses a computer-controlled motorized trolley that guides a laser sensor
along a beam that is mounted on the front of a suitable vehicle. The beam can be one
of three lengths and operated up to speeds of 60 mph. Outputs include left wheel path,
center, and right wheel path macrotexture and faulting, grooving, rutting and slope.

The ROSAN,mwp isthe last in the ROSAN series and takes the ROSAN,, one step
farther. The (P) refersto profiling, where the IRI is analyzed using FHWA'’s PRORUT
Il software.

The ROSAN series are available for loan to State Highway Agencies, researchers,
pavement management personnel, and other interested in measuring and evaluating the
macrotexture depth of pavement surfaces.

KJLaw is another manufacturer of automated pavement distress collection equipment.
One model manufactured by KJ Law isthe KJ Law T6400, alightweight profilometer
designed primarily for new or overlay pavement smoothness control. The system can
be used to profile new road surfaces within hours after paving, allowing necessary
potential corrective action to be taken before the surfaceis fully hardened.

The basic system consists of a precision accel erometer, an infrared non-contact height
sensor with alarge footprint, a graphic display, an IBM-compatible computer, and a
parallel graphics printer. Inputs from the accelerometer and sensor are fed to the
system’ s onboard computer, which calculates and stores true profile and a roughness
index. The system operates at speeds between 5 to 15 mph.

Another model isthe KJ Law T6500, a profilometer system, which measures and
records pavement profile in each wheel path and rut depth. The basic system features
two precision accelerometers and three infrared sensors.

The system’ s onboard computer can calculate one real-time, profile-based road
roughness index and one off-line index. The program for rut depth computes and
stores average rut depth every 100 feet from data taken every three feet, or at other
selected intervals.

The system components are: three or more infrared sensors; an accelerometer for each
wheel path; aVGA display; a computer with an industrial hardened 486 processor;
and, aparallel graphics printer. Selected options will provide transverse profiles with
rut depth measurements, geometrics, right-of-way videologging, pavement surface
videologging, and a geographic positioning system.

A final model isthe KJ Law T6600, a non-contact profilometer with an inertial system
that measures and records pavement profile in each wheel path. The basic system
consists of two precision accelerometers and three infrared sensors, which, when the
inputs are fed into the system’s onboard computer, produces pavement profiles, rut
depths, and roughness indexes.
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The system’ s onboard computer can calculate one real-time, profile-based road
roughness index and one optional index. The program for rut depth computes and
stores average rut depth every 100 feet from data taken every three feet, or at other
selected intervals.

The system components are three or more infrared sensors, an accelerometer for each
wheel path, aVGA display, a computer with an industrial hardened Pentium processor,
and a parallel graphics printer. Selected options will provide transverse profiles with
rut depth measurements, geometrics, right-of-way videologging, pavement surface
videol ogging, and a geographic positioning system.

The DYNATEST 5051 RSP test system is aroad surface profiler. It consists of a
mechanical/electrical transducer beam mounted on a minivan or full sizevan. Thetest
system is able to measure, display, store, and calculate longitudinal road profile and
roughness data in both wheel paths, including rut data, plus vehicle position and speed.
The system is able to operate at speeds up to 50 mph.

The transducer beam consists of three laser displacement sensors and two
accelerometers. To measure rutting, five lasers are required. A maximum of eleven
lasers can be mounted on the beam to allow for the measurement of transverse profile.
Each laser has the capacity to measure vertical displacement to aresolution of 0.001
inches or better.

An electronic, microprocessor-based signal conditioning and processing system allows
for the interpretation of the laser sensors, accelerometers, and distance/speed encoder.
It is based on the same principle as the South Dakota profilometer and computes the
longitudinal profiles of both wheel pathsin real time.

Procedures and process to fully automate the reduction of data from video-captured
images is underway in both the public and private sectors. Several university research
centers are examining the processin detail. NCHRP Project 1-27 “Video Image
Processing for Evaluating Pavement Surface Distress” is nearing completion. The
project objective isto develop, evaluate, and deliver a set of algorithms for processing
video images to identify, quantify, and classify pavement distress at highway speeds,
noting /16" cracks and other pavement distress types and patterns.

MHM Associates, IMS, Pavedex, PaveTech, Roadman-PCES, Inc., and VideoComp
are developing processes to fully automate distress data quantification from video-
obtained images. Both the hardware data collection equipment and the data reduction
and analysis software processes vary considerably. Each vendor/manufacturer is
developing a system to meet specific needs of their potentia primary users. PCES-
Roadman uses a high-intensity illumination system. VideoComp uses a partially
contained illumination system. The others operate in daylight, and require more
sophisticated software analysis to remove shadows of passing vehicles, clouds,
overhead structures, and vegetation and the effects of the changing angles of the sun
throughout the day and during the year.
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Complexity ranges from reasonably simple (other than software analysis, which is
extremely complex regardless of the system) to extremely complex. The VideoComp
design was based on the Idaho DOT stipulation that “off-the-shelf” components be
used for the system, including the video cameras, recorders, distance measuring
instrument and the illumination. PCES-Roadman, on the other hand employs
sophisticated technology with line cameras to provide “real-time” processing of
pavement images. VideoComp uses 3 cameras plus a fourth camera with awide-
angled lens to record a full-width pavement section (Figure 5.15).

Figure 5.15 VideoComp Camera Arrangement and Pavement Coverage

t
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Roadman-PCES uses 2-4 cameras depending on the specified resolution. Two
different mounting heights allow analysis of varying partial-width pavement sections.
Pavedex and PaveTech use 5 cameras; 2 each on the front and rear of the vehicle aimed
downward at the pavement surface, and a front, horizontally-mounted camerato
provide aright-of-way perspective.
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It is very important to note that enhancementsto al of these systems continue
unabated. Communication with state highway agency users and the
vendor/manufacturers is highly encouraged before using any distress data collection
device. FHWA encourages dl state highway agencies to automate the distress data
collection process; using an automated system of their own choice based on the
pavement distress prevalent on their system, and their budget. Most vendors will
provide reasonably priced demonstrations if requested depending on geographic
proximity to the state. Table 5.9 summarizes past, present, and projected future use of
pavement distress, data collection equipment.

Table 5.9 Distress Equipment Trends

DEVICE OR NO. NO. NO.
PROCESS
MID ‘80s 1990 MID ‘90s

Visua Survey 23 37 15-25
Techwest or 7 1 0
Photolog
ARAN or other video 0 5 15-25
Visual + Still Photo 3 3 2-5
Film 0 0 0-5?
Video + Image 0 0 0-40?
Processing

DisTress Equiement Rererences: 1N June 1990, the lowa DOT, FHWA and the lowa State
University sponsored the Automated Pavement Distress Data Collection Equipment
Seminar in Ames, lowa. |owa State hosted the conference and produced an excellent
proceedings documenting the presentations at the conference, listing equipment
exhibitors and demonstrators, field survey results, and alist of some of the most
commonly asked questions about pavement distress and pavement condition data
collection equipment.

The technology in the area of pavement distress data collection and analysisis
changing at a phenomenal rate. Image processing and pattern recognition systems will
soon reliably, if not cost-effectively locate and quantify pavement distress from film or
most likely, video images.

Equievent EvaLuations: A number of States have completed good eval uations of automated
equipment during the past several years. Recent eval uations were performed by
Washington, Pennsylvania, lowa, and North Carolina. All had similar approaches to
their evaluation i.e. they selected sections, invited (or paid) automated equipment
vendors to perform the surveys, and then compared the results with manual surveys. In
early 1997, both Pennsylvania and Washington completed studies to evaluate the
equipment. Initially, the types of distresses that would be used to make decisions were
defined. In the process, Pennsylvania devel oped an automated distress manual that
closely followed the SHRP manual (9).
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Control sites were selected for the surveys, and the results of all the vendors were
compared with manual surveys. The manual surveys were performed in great detail by
experienced inspectors.

The results were mixed; in some cases, the variability in the automated equipment was

greater than that for the manual distresses, while for others, they were similar. No over-
riding trends were found from al the states. In fact, the conclusions reached sometimes
contradicted another state's.

However, it was clear from the studies that agencies need to carefully examine the
distress data needs, and to prioritize them accordingly. Some equipment do not perform
well with hairline cracks, or if moisture is present. Others only cover pavement that is
the width of the vehicle, and so may miss distresses along the edge of the pavement or
between lanes. None can measure raveling. The importance of setting up an

appropriate location referencing system prior to the surveysis aso critical, as Louisiana
discovered.

Table 5.10 summarizes the various automated eval uation equipment discussed.

Table 5.10 Automated Crack/Distress Evaluation Equipment

£ 8 5
=s8:| |%(3|2
Ex%9|n| 2|2l 8
E882|BE(3|S
Equipment Data Output ZO0Fo|d|a|a|>
Pasco Road Survey System | Continuous film: digitized in /16" (0]
office
Pathway Services, Inc. Video record )
ARAN Video record 116" )
AREV 116" )
ARIA System Video imaging® 18’ o]
(MHM Assoc.)
PAS-1 (Pavedex, Inc.) Video imaging" 1/16 o]
VIV (PaveTech, Inc.) 1/16” )
VideoComp Crack map 1/10” )
Roadman PDI-1 Continuous line video log 120" | O
(PCES, Inc.)
ITX Stanley Road Tester Video record 1/16” o)
3000
Laser RST (IMS) Crack characteristics— ASCIl | 1/16” (0]
file
GIE System Crack characteristics/ 18 (0] 0O
photometrics

Video Imaging — Video Record to be digitized in office

There are several advantages to these vehicles. Generally, they have capabilities to
collect additional information such as signs, and to obtain a photolog of the highway.

5-47




PAVEMENT CONDITION SURVEYS

Most are equipped with computers to collect the data, although none can offer real-time
processing as yet.

RurDerrv: RUL depth measurement at highway speedsis now as routine as profile
measurement and roughness data collection. Several devices have been developed to
measure rut depth such as the South Dakota Road Profiler, the Automatic Road
Anayzer (ARAN), the Laser Road Surface Tester (RST), Pathway, IMS, PaveTech,
and the PASCO Road Survey System. Thefirst six use the inertial reference principal
previously described. PASCO usesits own patented process.

The Road Profiler estimates rut depth using the ultrasonic transducer in the left
wheelpath (which aso is used in the profile measurements). Two other transducers
mounted in the center of the vehicle and the right wheel path provide three data points
for rut depth estimation. Rut depth is computed as shown in Figure 5.16 where hy, h,,
and hs are the respective distances between the roadway surface and the | eft, center and
right sensors. This actually represents the height of the hump between the wheel paths.
The three sensor system was selected to eliminate overwidth extensions which are
required to collect afull transverse profile. Rut depth datais collected every two feet,
and averaged and recorded every ten feet. A few states have purchased 5-sensor units
to better estimate rut depth.

In recent years, more and more equipment vendors have developed techniques to
measure rut depth that meet the proposed AASHTO protocols. Thefield is constantly
and rapidly changing, with new equipment and technology being developed. Itis
beyond the scope of this workbook to provide a comprehensive survey of all
equipment. Agencies are advised to contact the FHWA for updated lists of vendors.

Figure 5.16: Rut Depth Estimation with the South Dakota Road Profiler

|
=
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The Laser RST uses eleven 32 kHz lasersin place of the ultrasonic sensors to measure
the transverse profile using the inertia reference principle. The projected laser beam is
reflected at an angle and received by a photodiode array. Elevation differences are
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computed using the principle of triangulation. Rut depth is measured continuously and
averaged every 15 ft. The accuracy of the device is about 0.002” to 0.02” depending

on the pavement texture.

Table 5.11 provides a comparative summary of egquipment operating characteristics,
accuracy, and number of agencies using each device. The ultrasonic sensors used on
the South Dakota Road Profiler, KJ Law 8300A, and ARAN considerably reduce the
deviceinitial fabrication and operating costs compared to the optical profilometer or
the laser devices. Acoustic sensors are not as accurate as the optical sensors, and short
out when exposed to water. Their cost however, is much less than 1% of the optical
sensors. Accuracy is suitable for network level surveys, and most project level survey
needs. Table 5.12 summarizes the automated rut measurement equipment discussed.

Table 5.11 Acoustic and Optical Technologies

CRITERIA ACOUSTIC SYSTEMS OPTICAL & LASER
SYSTEMS
No. of State Users 33 7
M easurement Principle Speed of Sound through Triangulation
Air
Accuracy 0.04” —0.08" 0.002" —0.02"

Factorsthat affect Accuracy

Temperature, wind,

Wind, texture, &

texture, moisture ambient light
Repeatability Good Good
Reliability Good if kept dry Good

Cost of 1 Replacement Sensor

$20

$10,000 - $15,000

Operating Cost - $ per lane
mile

$2-$6 (owner agency)
$15-$25 (vendor)

$ varies by vendor and
agency

Cost of Data Collection System

< $50,000

> $250,000

5-49




PAVEMENT CONDITION SURVEYS

Table 5.12 Automated Rut Measurement Equipment

LASER (Infrared Sensor) Device Operating | Width Sensor Transducer
Vendor Speed Measured Spacing Frequency
(km/hr) (mm) (mm) (H2)
Dynatest RSP 5051 Up to 100 3353 838 0to 300
Pasco RST 8to 87 3200 N/A N/A
KJLaw T6600 16 to 112 N/A N/A N/A
KJLaw T6500 32to 112 N/A N/A N/A
Infrastructure Management Laser RST 810 89 3200 291 N/A
Services (IMS)
GIE Technologies BIRIS Up to 80 3658 900 60
ACOQUSTIC (Ultrasonic Sensor) | Device Operating | Width Sensor Transducer
Vendor Speed Measured Spacing Frequency
(km/hr) (mm) (mm) (H2)
ITX Stanley RT3000 0to 100 N/A N/A N/A
South Dakota DOT Road Profiler 8to 97 N/A N/A N/A
PaveTech, Inc. PaveTech 0to 97 3658 N/A 125
Roadman-PCES, Inc. PDI-1 O0to 97 1219 N/A 125
Highway Product International ARAN 32to0 105 3658 102 - 305 N/A
Pasco Roadrecon 0to 97 4572 N/A 125

5.7 Structural Capacity

The function of the pavement structure isto effectively carry traffic and transfer wheel
loads to the roadbed soils. Structural testing is the evaluation of the load carrying
capacity of the existing pavement subsoils.

Structural datais not routinely collected for pavement monitoring by most agencies.
Surface deflection datais mainly used for selecting and designing specific
rehabilitation strategies for pavement sections under consideration. Exact location and
frequency of structural testing within specified road sections should be carefully
determined prior to seeking testing services. The tests should be limited to locations
where distress and roughness surveys indicate structural problems and areas where
overlays are anticipated. The results of these tests reflect the degree of structural
adequacy that exists in the pavement structure.

Although expensive, structural testing can considerably reduce maintenance and
rehabilitation costs. Many agencies use minimum or standard thickness for overlays.
Thus, if a50 mm (2-inch) overlay is the standard design and structural testing indicates
that a40 mm (1.5 inch) overlay will provide adequate strength, a saving of
approximately 20 percent isrealized. Structural testing can aso determine the need for
varying overlay thickness within a single project, thereby realizing considerable
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savings. For even asmall project, reduced material costs easily justify the cost of
structural testing.

On the other hand, an inadequate standard design can be even more costly. Nothing
undermines support of a highway agency more quickly than a pavement which fails
soon after construction.

The same considerations apply to aggregate surfaces. The cost of maintaining
aggregate surfacesin rural areas can be a significant portion of total maintenance
funds. Proper design results in one-time construction and eliminates the costly addition
of aggregate at regular intervals.

Structural evaluation includes both destructive and nondestructive testing. Destructive
testing involves coring and removing surface, base, and subsoil samples for |aboratory
testing to determine the load carrying capacity of the roadway. Ancther destructive
procedure involves the excavation of pits for tests such as on-site plate bearing or field
CBR (Cdlifornia Bearing Ratio). Samples of pavement layers and supporting soils are
retrieved and tested in the laboratory to determine layer properties. The strength of the
materials and types of damage present in each layer, are used to determine the load
carrying capacity, the damaged layers, and the cause of structural failure. This
information can then be used in a design and analysis procedure to determine whether
the pavement is structurally adequate for current and projected traffic loadings (1,3,15).

Non-destructive testing (NDT) can also be used to evaluate the structural adequacy and
load-carrying capacity of an existing pavement. NDT provides measurements of the
overall pavement response to an external force or load without disturbing or destroying
the pavement components (16). NDT has many advantages over the destructive testing
methods including:

It providesin-situ properties of the pavement conditions
It does not damage the pavement

It minimizes laboratory tests

Itisfast

w W W W

The application of loads on a pavement surface includes strains (€) in the underlying
layers causing stressesin al layers. The summation of al vertical strainsin the
pavement structure and in the underlying sub-grade represents the surface deflection
(d) of the pavement. The deflection value is considered an excellent indicator of
pavement strength; in other words, once deflection exceeds a certain limit, the
pavement is certain to show some kind of structural weakness. Thus, a weaker
pavement will deflect much more than a stronger pavement at a given load.

A number of non-destructive testing devices have been developed in recent years and
are being used in the pavement structural evaluation analysis. All of these NDT
devices provide some measure of surface deflection of in-service pavementsin
response to an external load.
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The non-destructive testing devices which are available in the United States to evaluate
the in-situ properties of pavements are (16):

1. Benkelman Beam,

2. Dynaflect,

3. Road Rater, and

4. Faling Weight Deflectometer (FWD).

5. Rolling Deflectometer
6. Ground Penetrating Radar (GPR)

Thefirst five devices operate by measuring the pavement response to an imposed force.
Theresponse is generally in terms of surface deflections at one or more points on the
pavement. Major differences between these devicesinclude the load levels, the way
the load is applied to the pavement, and the number of points at which deflections are
measured. A device that applies astatic or Slowly moving load is the Benkelman
beam. The common devices that apply avibratory steady state load to the pavement
surface are the Dynaflect and the Road Rater. The device that uses an impulse loading
isthe Falling Weight Deflectometers (FWD). The rolling deflectometer is still under
development in the United States.

Benkeuvan Beam: T his device is generally used to measure the rebound deflection of the
pavement surface under a static or slowly moving single axle, double wheel load. An
8-foot-long (2.4 m) probe is placed between the dual tires [11.00 x 22.5, 12-ply and 70
psi pressure] of atruck which carries an 18,000 pounds (8,200 kg) single axle load. As
the pavement is depressed, the beam pivots around a point of rotation on the reference
beam which rests on the pavement behind the area of influence, so that the back
extension of the beam depresses an Ames dia which records maximum deflection to
within 0.001 inch (0.025 mm). While this device is limited to measurements of total
deflection of a vehicle operating at creep speed, it has the very important advantages of
simplicity, versatility, and rapidity of measurements (3,16).

Dwarcect: Thisdeviceis an electro-mechanical device consisting of a dynamic force
generator based on counter rotating fly wheels, and of five velocity transducers for
sensing deflection mounted on atrailer. This device places a 1,000 pound (454 kg)
peak to peak vibratory load on the pavement surface through two rubber covered steel
wheels (3,16). The deflections are measured between the two loading wheels with
velocity transducers and generally at 12 inch (0.3m) intervals from that point.

RoaoRater: The Road Rater is also a steady state vibratory device which istrailer
mounted and can be towed by avehicle capable of pulling the trailer weight. Older
models were mounted on the front of avehicle. The maximum rated static loads are
2400 Ibs., 3800 Ibs., and 5800 Ibs. for the models 400 B, 2000, and 2008 respectively.
Theload is applied to the pavement surface through a steel loading plate. The standard
loading plates are 4 x 7 (102 x 178 mm) steel pads with a 5.5 inch (14 mm) center gap
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for model 400 B and a 12 inch (300 mm) diameter circular plate for the model 2000
and 2008. The dynamic force generator uses alead-filled steel mass which is
accelerated up and down by a servo-controlled hydraulic actuator. Both the amplitude
and frequency can be changed by the operator. This allows different dynamic peak-to-
peak rated loadings of 500 to 3000 Ibs. for the model 400 B, 1000 to 5500 Ibs. for the
model 2000, and 1200 to 8000 Ibs. for the model 2008. The force is measured with a
strain gauge-type force transducer in most models. The loading frequency can be
varied continuoudly from 5 to 70 cycles per second at 0.1 cycle per second increments
with the normal working range in the 10 to 60 cycles per second range. The deflection
is measured using at least four velocity transducers located in the center of the loaded
areaand genera at 12 inch (0.3) intervals from that point (3,16).

FaLune Weiekt DerLecromerer (FWD): T he Falling Weight Deflectometer is an impulse
deflection device that lifts aweight to a given height on a guide system and then drops
it. Thefaling weight strikes a specialy designed plate, transmitting the impulse force
to the pavement to produce a half-sine wave load pulse that approximates that of an
actual wheel load. The magnitude of the load can be varied from 1,500 to 24,00
pounds (680 to 10,886 kg) on devices commonly used on roads and streets by changing
drop height and the amount of weight. Theload is transmitted to a 11.8 inch (300 mm)
diameter load plate, and a strain type transducer measures the magnitude of the load.
Deflections are measured using up to seven velocity transducers or linear variable
distance transducers that are mounted on a bar and automatically lowered to the
pavement surface with the loading plate. One transducer is placed in the center of the
loading plate with the others placed at intervals up to 7.4 feet (2.25 m) from the first. It
isatrailer mounted system (3,16).

Thetwo primary NDT methods are vibratory and falling weight. Although both
devices produce useful analyses of low-volume pavement structures, the falling weight
deflectometer more closely approximates a heavy moving whed load. Falling weight
deflectometers induce a heavy enough load to yield meaningful resultsin rigid
pavements. Nondestructive testing analysis requires knowledge of the existing
pavement structure in terms of layer types and thickness. Coring of pavements may be
necessary to support the analysisof NDT data. AnNDT analysiswill typically result
in an evaluation of remaining service life of a pavement in terms of 18-kip equivalent
single axle loads (ESALS), and an overlay thickness design.

Rotune Dercectoverer: The FHWA initiated a Small Business Innovative Research (SBIR)
contract with Applied Research Associates (ARA), Inc. in 1996 to develop arolling
wheel deflectometer (RWD) for structural assessment of pavements. Phasel of the
SBIR has been completed and Phase 11 has been initiated. Phase | research identified
magnitudes of deflections (maximum values and basin offset values). The objective of
the Phase I research isto develop a prototype RWD that is suitable for network level
analysisin PMS applications. The RWD will collect data at highway speeds of 50 mph
operating within traffic streams. A prototype RWD has a so been devel oped
independently by Quest Integrated Inc. and Dynatest. The primary data collected with
an RWD will be deflection magnitudes and the shape and size of deflection basins.
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This presents a concern as to the best location to collect deflection data. The basin
trailing the wheel isthe longest, and that transverse is the shortest, with that ahead of
the wheel being dightly less than that behind. The leading side represents the loading
side and the trailing side represents the unloading response. Most of the historical data
primarily measured the trailing portion of the basin due to conveniencein
measurement. However, for RWD applications, the leading portion of the basinis
more convenient because comparisons are made to the undeflected pavement ahead of
the load wheel. Additionally, the leading part of the basin may be less influenced by
hysteresis effects. Both RWDs will collect deflection data, wheel load, pavement
temperature, and travel speed (nominally 50 mph). Intheir FHWA Study ASA has
proposed that the RWD data be processed in real-time to produce the pavement
structural index. The data to be stored would only be the maximum deflection,
structural index, pavement temperature, station numbers, data and time of the day.
Although measurements are to be made continuously at 1-foot increments, the stored
datawill be for increments of 200 feet up to 1,000 feet, as determined by the operator.
Using these increments will avoid excessive data storage requirements; al other data
will be purged by the system and overwritten with new data.

Potential RWD Input into a PMS

In ARA’s Phase | Study, they indicated concern for the large amount of datathat could
be created by aRWD. Potentially the RWD could produce a set of deflection
measurements for every meter of highway. They proposed to use the deflection and
load data to determine the effective structural number using the Burmeister’ s two-layer
solution to determine the effective modulus for all pavement layers. ASA proposed
using the same procedure that is used for the deflection based overlay design procedure
developed in the 1993 AASHTO Guide for the Design of Pavement Structures to
estimate the remaining service life. (28) The remaining structura service life would be
determined by comparing the required design structural number to the existing
effective structural number. The resulting remaining service life would be given in
terms of a Structural Index which would be the Log of the remaining design Equivalent
Single Axle Loads determined from the AASHTO design formula.

A somewhat similar approach was used is a special study to determine the project
scopesin New Jersey’s PMS. (29) In the New Jersey Study the authors also used the
AASHTO deflection based overlay design procedure to determine the Effective
Structural Number , but then compared it to the Required SN for a normal design
procedure to determine the overlay thickness required for each section of pavement
tested. Here they used standard FWD testing at a test spacing of about 10 tests per
kilometer of highway.

Cost Comparison

The New Jersey Study provides agood basis for a cost comparison of the potential
advantage of using a RWD to collect and process structural response for aPMS.
Currently it cost about $1,000 per day to run astandard FWD. With areasonably
productive measuring procedure, the FWD could perform 10 tests per kilometer over a
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distance of 15 to 20 kilometers per day. Since the FWD requires stopping on the travel
pavement for every test, atraffic control crew isalso required. Thusthe tota cost of
FWD testing is about $2,500 per day. If the production rate is about 20 kilometer per
day the total cost of FWD testing is over $100 per kilometer. Using a RWD, the
production rate would be more in the order of 300 kilometers per day. Since RWD are
till in the prototype devel opment stage it is difficult to estimate what the actual
operating cost will be. If they are say five times the current rate for FWDs which
would be about $5,000 per day, the much higher production rate of the RwD would
bring down the structural survey cost to less than $20 per kilometer.

5.8 Roughness

Pavement roughness measurements indicate whether irregularities in the roadway
surface which adversely affect the ride of a passenger in avehicle are present.
Roughness is not only an important distress type itself but is also an indicator of other
distress and can be used to prioritize visua distress surveys. Roughness evaluation
measures the rideability of the pavement.

Pavement roughness is important for many reasons. Two of the most important are:

1. Public Perception — Roughness is the primary criteria by which the public
judges the ability of a highway agency to maintain not only its pavements, but
its entire highway network.

2. Pavement Performance — Roughness leads to more rapid deterioration of
pavement structures. Some amplitude-wavelength combinations can cause
dynamic forces of 50% - 100% in excess of static weights.

ServiceasiLty Concerr: Until @ measure of pavement serviceability was developed in
conjunction with the AASHO Road Tegt, little attention was paid to the concept of
highway performance or condition measured over time. A pavement was either
satisfactory or unsatisfactory. Theideaof “relative’” performance was not well
developed. Most pavement design concepts did not consider the level of performance
desired, and design engineers had varied definitions of performance.

Results of the AASHO Road Test provided a badly needed method of pavement
performance evaluation known as the * serviceability performance concept.” The
evaluation of serviceability and performance depends on the interaction of three
components. the pavement user, the vehicle, and the pavement itself. The
serviceability scoring system measures the subjective reaction of a group of roadway
users. The serviceability concept is based upon the following assumptions:

§  Highways are for the comfort and convenience of the traveling public.

§  Users opinionsasto how they are being served by highwaysis largely subjective.

§  Characteristics of various pavements can be measured objectively and then related to the users
subjective evaluation.
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§  Serviceability can be measured by the average evaluation of al highway users. Differences of
opinions preclude the use of a single evaluation when rating serviceability. The average
evaluation of all users, however, is a good measure of serviceability.

§  Performanceisassumed to be an appraisal of the serviceability history of a pavement. The
performance of a pavement can be described as serviceability observed over time.

The Serviceability Index was developed for the AASHO Road Test based on the above
assumptions. Theindex isa0 to 5 rating which can be determined by a panel rating,
(using the average of al panel members subjective evaluations), or by a mechanical
roughness measuring device that correlates measured roughness to an average panel
rating. Vaues based on panel ratings are known as Present Serviceability Ratings
(PSR) and correlated mechanical measurements are known as Present Serviceability
Indexes (PSl). A PSI issimply a mechanical estimate of the user’s subjective
evaluation of ride quality.

Orrer Rousnness Staistics: Since the AASHO Road Test, many other statistics have been
developed to quantify roughness levels on road surfaces. Many of these measures are
summary statistics derived from precise measurements of road profile. Oncea
roughness meter is calibrated to one of these profile-based statistics, then the direct
output of aroughness meter can be converted to the standardized roughness statistic.
The most widely accepted roughness statistic is called the International Roughness
Index (IRI). Other similar statistics include the Quarter Car Index (QI) and the
standard Mays Meter number (MO). All of these statistics are similar in derivation in
that they are initially obtained by a mathematical manipulation of the surface profile.
Because of this, they are a more objective measure of roughness than the serviceability
index and present serviceability ratings which are basically subjective.

Sayers (17) has compiled a thorough summary and discussion on the devel opment of
theIRI. ThelRI evolved over many years, in three stages:

1. Quarter-car simulation on high-speed profilers. Routine analysis of road
profiles began shortly after the General Motors (GM) profilometer was
developed in the late 1960s. Like high-speed profilers today, it could measure
true profile over arange of wavelengths affecting vehicle vibrations. One of
the first research applications for this type of system combined measured road
profiles with a quarter-car computer model that replicated the Bureau of Public
Roads (BPR) Roughometer, a one-wheeled trailer with aroad meter. GM
licensed K.J. Law, Inc. to market the device commercially and continue its
development. A commercial version was soon available that included a quarter-
car analysis to summarize roughness of the measured profiles. Users of early
K.J. Law profilometers could choose between two quarter-car data sets. one for
the BPR Roughometer and one for a 1968 Chevrolet Impala.

2. NCHRP research and the Golden Car. In the late 1970s, NCHRP sponsored a
study of response-type road roughness measuring systems such as the BPR
Roughometer and vehicles equipped with Mays ride meters. The results were
published in NCHRP Report 228 (18). An objective of the study wasto

develop calibration methods for the response-type systems. The researchers,
Gillespie and Sayers, concluded that the only valid methods was calibration by
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correlation against a defined roughness index. The best correlation was

obtained by using a vehicle simulation with a set of parameter valuesthat is
often called the Golden Car. (The name is based on the concept of a golden
reference instrument kept in avault and used to calibrate other instruments).

The NCHRP study provided a standard quarter-car model, and users of K.J.
Law profilometers soon had access to an analysis called Mays simulation,
which used the Golden Car data set.

3. The World Bank development of IRI. 1n 1982, the World Bank initiated a
correlation experiment in Brazil called the International Road Roughness
Experiment (IRRE) to establish correlation and a calibration standard for
roughness measurements. In processing the data, it became clear that nearly all
roughness-measuring instruments in use throughout the world were capable of
producing measures on the same scale, if that same scale had been selected
suitably. Accordingly, an objective was added to the research program:
develop the IRI.

The main criteriain designing the IRl were that it be relevant, transportable,
and stable with time. To ensure transportability, it had to be measurable with a
wide range of equipment, including response-type systems. To be stable with
time, it had to be defined as a mathematical transform of a measured profile.
The Golden Car simulation from the NCHRP project was one of the candidate
references considered, under the condition that a standard simulation speed
would be needed to use it for the IRI. The quarter-car was selected for the IRI
because it could be used with al profiling methods that were in use at that time.
The consensus of the researchers and participantsis that the standard speed
should be 80 km/hr (49.7 mph) because at that simulated speed, the IRI is
sensitive to the sample profile wavelengths that cause vehicle vibrationsin
normal highway use.

The World Bank (19) defined two classes of profiling methods that were later adopted
by the FHWA for the HPM S data base. Profilers are considered Class 2 if they
produce IRl measures that are neither high nor low on the average. However, an
individual measurement is expected to have random error. Some profilers clearly are
more accurate than others, so the concept of a Class 1 measurement was introduced to
define areference that can be used to determine the accuracy of other instruments. A
Class 1 instrument must be so accurate that the random error is negligible: itsIRI
measure is “the truth.”

When the IRI was defined in the World Bank Technical Report, there were only about
a half-dozen inertial profilometersin America. Since then profiling has become the
primary means for measuring road roughness in the United States. More than half the
states have purchased or built profiling systems. The federal government maintains a
fleet of profilersfor calibration and research programs, and consulting companies
maintain profiling systems to provide measures to states and local districts that do not

have their own equipment. FHWA has encouraged profiler use and has sponsored
several correlation experiments. Profiler users have organized into the Road Profiler
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User Group, which has established an annual correlation experiment for several years
in which users are invited to measure profiles and IRI for test sites.

The profilersin use cover awide variety of sensor types, cost, and analysis options.
Limited by the speed of sound, systems with ultrasonic sensors can measure profile at
intervals no closer than 300 mm (1 ft) at highway speeds. Other systems, with laser
Sensors, can measure at intervals going down to afew millimeters. Some systems
perform minimal profile filtering. Others routinely smooth the data to avoid aiasing
and remove long wavel engths to standardize plot appearances. Even with these
differences, most profilersin use can obtain IRl measures that show reasonable
agreement (within 5 percent).

However, recent correlation experiments show that no existing profiler can measure
“true IRI” with the high accuracy one might expect of a Class 1 instrument (i.e., within
2 percent). Further research is needed to determine the reasons that consistent
measures of roughness are not obtained. Two possible sources of discrepancy are user
practice and changes in road profile due to temperature and environmental effects.

The following points fully define the IRI concept:

1. IRI is computed from asingle longitudinal profile. The sample interval should
be no larger than 300 mm for accurate calculations. The required resolution
depends on the roughness level, with finer resolution being needed for smooth
roads. A resolution of 0.5 mm is suitable for all conditions.

2. The profileis assumed to have a constant slope between sampled elevation
points.

3. The profileis smoothed with a moving average whose base length is 250 mm.

4. The smoothed profile isfiltered using a quarter-car simulation, with specific
parameter values (Golden Car), at a simulated speed of 80 km/hr (49.7 mph).

5. The simulated suspension motion is linearly accumulated and divided by the
length of the profileto yield IRI. Thus, IRI has units of slope, such asinches
per mile or meters per kilometer.

RousHess Measuring Equiewent:  EQUIPMENt for roughness survey data collection may be
categorized in 4 primary categories:

1. Rodand Level Survey, and the Dipstick Profiler
2. Profilographs
3. Response Type Road Roughness Meters (RTRRMSs), and

4. Profiling Devices
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Rod and Level: Surveying instruments can be used to determine the accurate profile of a
road at any desired spacing. However, this requires normal rod and level
measurements which are time consuming and require closing the road during the
survey.

Dipstick Profiler: A first-step automation of the rod and level survey is by profile
measurement with the Dipstick .

The Dipstick consists of an inclinometer in a case supported by two legs separated by
12 inches. Two digital displays are provided, one at each end of the instrument. Each
display reads the elevation of the leg at its end relative to the elevation of the other leg.
The operator then “walks’ the Dipstick down a premarked pavement section by
alternately pivoting the instrument about each leg. Ten to 15 readings per minute are
recorded sequentially as the operator traverses the section. Software analysis provides
aprofile accurate to plus or minus 0.005 inch.

The most prevaent use of the device has been for manually profiling roughness
calibration sections for the calibration of RTRRMs. Two versions of the device have
been developed. Special care must also be taken to ensure that the Dipstick feet do not
change location, destroying the reference elevation during the survey. The
manufacturer has developed rubber boots to help maintain contact on certain
aggregates in paved surfaces.

Profilographs: The most common device to monitor construction quality control on
Portland cement concrete pavements is the profilograph. Profilographs have been
available for many years and exist in avariety of forms, configurations, and brands.
Due to their design and low-speed operation (walking speed), they are not suitable for
condition surveys. Profilographs should never be used to calibrate other roughness
data collection egquipment.

Response Type Road Roughness Meters (RTRRMs): Road meters or RTRRM s collected the
bulk of pavement roughness data from 1940 through the late 1980s. Two very serious
limitations, however, have helped speed the movement away from the RTRRMs:

1. Profile Measurement — RTRRMs cannot measure pavement profile. They record
the dynamic response of the mechanical system travelling over a pavement at a
constant speed. The characteristics of the mechanical system and the travelling
speed affect the data.

2. Cadlibration —In order to provide accurate, consistent, and repeatable data, the
devices must be frequently calibrated through a range of operating speeds, against
sections of known profile. The cost of this activity is high.

Due to the limitations and the devel opment and nationwide use of low-cost profiling
devices, the RTRRMs are not used much today - except to correlate existing roughness
databases to the new profiling devices. In afew years, the RTRRMs will be used very
little, if at all.

This equipment is easy to use, relatively inexpensive, and can be operated at speed
closeto normal traffic speed. Severa types of devices are available, but the May’s
Ride Meter will be presented for information.
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The May’ s Ride Meter (MRM) provides roughness measurements proportional to the
vertical distance changes between the vehicle body and its rear axle as the vehicle
travels over a pavement. The primary advantages of the MRM include initial cost, ease
of operation, and the roughness record provided. However, the vehicle must travel at a
constant speed for at least one-tenth mile (0.16 km) long sections, which is often
difficult in city streets. In addition, the MRM must be calibrated frequently to ensure
that reasonable accuracy in measurements is achieved (3).

Profiling Devices: Profiling devices provide accurate, scaled, and complete reproductions
of the pavement profile within a certain range. They eliminate the time consuming,
labor intensive calibration process necessary to collect reliable data with response type
road roughness systems and can also be used to calibrate RTRRMs. Today, most
agencies use the inertial reference systems for measuring pavement profile. The
devices measure, compute, and store the profile through the creation of aninertial
reference by using one or two accelerometers on the body of the vehicle to measure the
body vertical motion in one or both wheelpaths. The relative displacement between the
accelerometer and the pavement surface is measured with an acoustic, optical or laser
sensor. A summary of the processis as follows:

1. Accelerometer — Measures the vertical displacement of the vehicle as a function of
time.

2. Distance Measuring Instrument — Measures the horizontal distance of vehicle
travel.

3. Sensor — Measures the vehicle' s height above the roadway surface at equally spaced
intervals of distance.

4. On-board Computer System — Synchronizes subtraction of the vehicle displacement
and height measurements to compute the relative profile, stores the computed
profile, and reconstructs a filtered profile from the stored profile. Figure 5.19
illustrates the process.

The states have moved rapidly from RTRRMs that collected pavement response data,
to profiling devices that measure pavement profile. Most of these devices include
software analysis packages that can calculate any of the previous roughness indices
computed from the response data as well as pavement profiles, filtered at varying cutoff
lengths. Profiling has greatly improved the analysis of pavement condition, and
provides clues to engineering rehabilitation and maintenance strategies that were not
possibly to develop from the RTRRM data. Severa states already develop strategies
using profile data or profile datain conjunction with distress data.
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Figure 5.19 The Inertial Reference Principle
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TheK.J. Law 690 DNC profilometer uses the inertial reference principle to measure
profilesin both wheelpaths. Relative displacement between the accelerometers and the
pavement surface is measured with a highly accurate non-contact light beam
measuring system. Differential pavement elevation is determined using the principle of
triangulation. Profile computations are performed at six inch intervalsin real time as
the device traverses the pavement section. One inch data points are measured and
averaged over a12” interval and recorded as profile every six inches of travel. Vertica
resolution is 0.01 inch. The operator may select wavelengths for filtering, which do not
change during vehicle speed ateration. The device simulates the Mays, PCA
roadmeter, and BPR Roughometer indices, and computes PS| values from a
mathematical model using a comparison to a panel roughness rating.

Until afew years ago, sophisticated road profiling equipment was extremely
expensive. Thisisnot so today. In 1981, the South Dakota Department of
Transportation (SDDOT) designed and constructed a low-cost Road Profiler. Between
1982 and 1986 SDDOT enhanced the Road Profiler’ s capabilities and added two
additional sensorsto estimate rut depth. The current Road Profiler collects pavement
condition data at highway speeds, surveying about seven hundred miles of pavement
during aforty-hour work week. The Road Profiler software allows data reporting in
various forms-filtered profiles, roughness ratings, and power spectral density. The
SDDOT has shared the Road Profiler technology and provided technical assistance to
other State highway agencies (SHAS) interested in procuring asimilar device. About
25-30 other SHAs have indicated an interest in the system. Twenty-four have now
fabricated replicate units, either in-house or through an equipment vendor or plan to do
so in the near future.

Interested States have formed a User’s Group and participated in meetings during 1989
to 1990 to provide technical information about the device, share information about
system enhancements, eval uate the capability of the units, and make future
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technological innovations available to the users. One of the Road Profiler’ s advantages
isits comparatively low initial and operating costs. A system may be assembled for
about $50,000, including the van. Operating costs have been very low, on the order of
$2.00 per lane milein South Dakota. Pennsylvania has reported data collection costs
of about $5.00 to $6.00 per lane mile. Roughness data can be reported in International
Roughness Index units, satisfying FHWA 1989 Highway Performance Monitoring
System requirements to report roughness data in this form. The wide-spread use of the
Road Profiler will eventually lead to a much-improved assessment of the HPM S
pavement roughness reporting requirements, and will ultimately revise them due to the
rapid, nearly universal practice of collecting pavement profile, not response data.

Side by side tests comparing home-built and commercialy manufactured units were
conducted during the two User’s Group meetingsin Pierre, South Dakota in November
1989, and Cheyenne, Wyoming in September 1990. The test results were compared
with manual profiles and comparisons were made between devices. Thelevel of
precision and repeatability of each device was also assessed in terms of comparability
with manual profile, comparability among devices, level of precision, accuracy, and
repeatability. Future User Group meetings have been planned. Continued
enhancements to the Road Profiler hardware and software are anticipated. Some have
already occurred. For example, several states have purchased an IBM-PC based system
to correspond more directly with their own departments |BM-based computer
databases.

5.9 Skid Resistance (Surface Friction)

Skid resistance measurements of highways, roads, and streets, are generally for safety
analysis and on locations where accidents are suspected of being caused by deficiencies
in surface skid resistance. Specialized equipment frequently used to measure surface
friction can be categorized as portable field devices and trailer devices.

Traier Devices: Generally, these devices consist of atrailer towed, usually at 40 mph, over
the dry pavement with water applied to the pavement ahead of the test tire. The most
common trailers under this class of equipment used in the US includes the L ocked-
Wheel-Trailer and Yaw Mode. These devices are generally most applicable for skid
measurements on straight sections of through roads. They are difficult to use on many
City streets.

Locked Wheel Mode: A trailer istowed, normally at 40 mph. Water is applied in front of
the test wheels, and the test wheels are locked. The force required to drag atirethat is
prevented from rolling over the wet pavement is measured after the test wheel has been
dliding on the pavement for a certain distance (i.e., after the temperature has been
stabilized). A skid number (SN), where: SN = 100 x Friction Factor is calculated for
that part of the pavement. Skid number is the standard procedure for evaluating the
coefficient of friction between atire and pavement. A standard bias-ply 7.5 x 14 tire
(ASTM E534) is specified to eliminate tire type and design as variables in the
measurement of skid resistance. The skid number calculated by this method is
dependent on temperature, and because of the complex relationship between air, water,
pavement, and tire, no satisfactory method has been developed for correcting the skid
number for temperature (3).
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vaw Mode: Thetest wheel (unbraked) is directed at an angle from the direction of motion
and the sideways friction factor is measured. At some Y aw angle, the side force peaks.
Since the critical Yaw angleis subject to many variables, there is controversy
concerning which constant Y aw angle the wheels should be set at during testing. An
angle should be used that is relatively insensitive to differencesin surface
characteristics and operating conditions (3).

The Mu-Meter, developed in England, isafairly smple version of aYaw mode device.
The Mu-Meter is athree-wheeled towed trailer in which two friction-measuring wheels
and arear wheel are mounted on atriangular frame. The two smooth outer wheels are
set at an angle of 7 »degrees from the line of travel. A rear, middle wheel measures
the distance of travel and holds the trailer on a stable course. By use of asimple load
cell and the recorder, distance and the coefficient of friction are recorded asfriction is
encountered on the pavement. The speed of the test wheel ranges from 40 mph to 100
mph. A water delivery system is available to distribute water in front of the two wheels
that measure friction.

Automated procedures to measure pavement friction have been available since the
1940's. The locked wheel friction tester has been, and remains the work horse data
collection unit.

Table 5.13 summarizes past, present, and projected future friction measuring
equipment trends.

Table 5.13 Friction Equipment Trends

DEVICE NO. MID ‘80s NO. 1990 NO. MID ‘90s
Locked Wheel Tester 38 11 35-45
Mu-Meter 4 2 0-2
Spin-Up Tester 0 0 0-10?
Laser or Image 0 0 0-20?
Processing

New methods to improve testing efficiency and reduce skid testing costs and device
wear and tear are underway. Recent studies indicate that the spin-up tester may
produce accurate results at lower costs. Like the locked wheel tester, the deviceis
trailer mounted. Testing begins following the locking of the wheels and continues after
the release of the brake until the wheels reach full angular velocity. Thetimeinterval
between the moment the brake is released and the achievement of full angular velocity
isindicative of the pavement surface friction.

Developmental efforts to correlate pavement surface texture to alocked wheel skid
number are ongoing with both video systems and laser devices. The University of New
South Wales (Australia) has developed the Yandell Mee Friction Tester which
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correlates skid resistance and texture depth to both sideways force and the locked
wheel modes. The device uses avideo camera, tracking device, and image
enhancement to capture an enlarged video picture of the pavement surface. Anon
board computer collectsthe data. Software performs a statistical analysis of the
texture, and produces output data on the friction factors. The vehicle must be stopped
to conduct the 30-second test. Results are processed in real time to provide the skid
numbers at various vehicle velocities.

The Laser RST and other equipment measures pavement macrotexture at highway
speeds using 32 kHz lasers. The device cannot however, measure pavement
microtexture, which aso has some influence on skid resistance. Development of 64
kHz lasers for this purpose and for travelling deflection measurement is ongoing.

PormasLe FieLo Devices: Several portable field devices have been devel oped to measure skid
resistance. Some of these devices include the Keystone Tester and the California Skid
Tester. These devices are most suitable for measuring friction on city roads and streets
and can be useful in measuring skid resistance on the approaches to astop sign or a
traffic signal and in similar locations where accident frequencies are usualy high.

The Keystone Tester: A hand carried device that employs a rubber shoe that dlides along
the pavement as the operator “walks’ the tester. The frictional resistance experienced
by the shoe is converted to hydraulic pressure and displayed on agauge. Water must

be applied to the pavement ahead of the tester when water accidents are considered

(17).

The California Skid Tester: |t Operates on the principle of spinning a rubber-tire wheel while
it is off the ground, lowering it to the pavement, and noting the distance it travels
against the resistance of a spring before it stops. This deviceis attached to the rear of a
suitable vehicle, which is stationary during atest. Thistester is normally operated with
glycerine instead of water as the pavement lubricant, because glycerine ensures a
longer lasting, and more uniform film (20).

These Portable Testers are relatively inexpensive. They also permit friction to be
measured in locations where atrailer tester cannot operate. However, they are
generally considered less accurate than the trailer testing devices.

InterpreTivg FricTion Testive:. M OSE agencies use a skid number to indicate the level of surface
friction on a pavement surface. Asthis number decreases, the surface friction
decreases. Low numbers should indicate greater potential for accidents, especially in
wet weather.

5.10 Aggregate Surface Roads
Aggregate surfaces can be completely integrated into a surface management program.
However, special considerations should be made for these roads.

The maintenance of unbound surfaces is an important concern usually to local
governmentsin rural areas, although federal agencies such as the Bureau of Indian
Affairs and the Forest Service also own and manage large unsurfaced road networks.
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K eeping these roads passable under adverse weather conditions requires a substantial
portion of maintenance funds. Approximately half of the road mileagein the U.S.
consists of unpaved surfaces. Although these roads carry small portions of the total
traffic volume, they remain avital aspect of the economy because they provide land
access and service for agricultural needs.

Theterm “unpaved” is miseading. Most, if not al, unpaved roads consist of a
stabilized surface. Whether existing materials are used or additional materials added,
the resulting all-weather surface is actually an unbound pavement and must be treated
as such..

Unbound surfaces are much more dynamic than bound pavements and their condition
can deteriorate rapidly. However, routine maintenance procedures improve conditions
just asrapidly. Maintenance must be performed more frequently than for paved or
bound surfaces.

Conpimion Assessment oF Acerecate Testing: 1 e important condition factorsin aggregate
surfaces are: roughness or corrugation, dust generation, drainage, rutting, gravel loss
and potholes. Each of these factors are discussed below:

§  Roughness — When evaluating roughness on aggregate surface different criteria must be used
than for pavements. A higher level of roughness can be tolerated than on surfaced roads. The
most important roughness distressis corrugation. Corrugation is caused by aloss of finesin the
surface gravel due to dust generation or washing. Corrugation can be corrected by reblading or,
when severe, by applying new gravel and reblading.

§  Dust Generation — Dust from unpaved roads can be a nuisance to property owners, a potential
safety problem, and a cause of environmental damage. It resultsin aloss of finesin the surface
gravel, as explained above. When evaluating dust generation, characteristics of adjacent
property and slight distance requirements must be considered. Some locations tolerate more dust
than others. Dust generation can be controlled by various methods of surface stabilization, such
as liquid asphalt spray or liquid calcium chloride.

§  Drainage— The crown of an aggregate road is subject to change. The adequacy of the crown
should be considered when evaluating the condition of unpaved surfaces. The uniformity of the
crown cross-slope is very important. When unpaved surfaces are not properly bladed, a
“secondary ditch” appears at the edge of the roadway. This secondary ditch intercepts drainage
and channels it to the traveled way rather than allowing it to cross the shoulder and enter the
constructed ditch. Proper blading techniques maintain a proper crown and prevent devel opment
of secondary ditches. Full width blading may be necessary to maintain shoulders and adequate
ditches.

§  Rutting — Rutting in the wheel paths is common in unpaved surfaces. Rutting interrupts cross
drainage and creates safety problems. Aswith roughness, criteriafor evaluating rutting must
take into account the nature of unpaved surfaces. There are two causes of rutting. It can be
caused by repeated tire action on the cover gravel, resulting in the displacement of the gravel.
More serioudly, rutting can be a structural problem resulting in plastic deformation of the base
material. Rutting is corrected by regrading, unlessit isthe result of structura problemsin the
base. An inadequate base must be corrected by reconstruction and good compaction.

§  Gravel loss— Unbound surfaces with gravel cover lose material over time due to the action of
traffic. Thisis particularly trueif the surface materia has alow plasticity. Gravel lossis more
severe on roads that have higher traffic volumes, heavier truck loadings, steep grades, and
frequent turns and curves. Gravel lossis corrected by regraveling and reblading. Excessive
gravel loss might justify a stabilization treatment.

5-65




PAVEMENT CONDITION SURVEYS

§  Potholes — Potholes develop rapidly in unpaved surfaces as aresult of poor drainage, traffic
action, loss of cover gravel and weaknesses in the base. Deep and extensive potholes might
require localized base reconstruction and recompaction. Less severe potholes can be corrected
by reblading.

5.11 Drainage Surveys

Poor drainage causes poor pavement performance. Water allowed to pond on the
pavement surface creates a hazard to motorists, saturates the subgrade soil, an causes
deterioration of the pavement. Ditches which are allowed to silt in and collect debris
provide poor drainage. Moisture then becomes trapped in the subgrade or base with
pavement failure alikely result.

Pavement failure within the design life is caused by two main factors: load and
moisture. Load capacity can beincreased by an overlay. A moisture related distress
indicates a drainage problem in the base or subgrade. If proper drainage of each
pavement element is not provided during rehabilitation, the same moisture related
distress will recur.

The survey team should be instructed to identify surface drainage problems. High
shoulders can cause ponding of water on the pavement surface and erosion aong the
pavement edge. Debris can block storm sewer inlets and cause flooding of the
roadway. Correction of these deflects can then be scheduled.

Other signs of deficient surface drainage which may be detected during avisual survey
are:

Standing water in ditchlines.

Concentrating weed growth indicating saturated soil in ditchline or at edge of pavement.
Evidence of water ponding on the shoulder.

Deteriorated joint or crack sealants.

Any evidence of pumping.

w W W W W

Additional drainage problems may not be so obvious. Subsurface drainage depends
upon materia properties of the subgrade soil. Pavement distress may be the only
outward indication of a saturated subgrade soil or base. The recognition of the
mechanisms causing such distress is necessary to choose the appropriate rehabilitation
procedure. Tables 5.2 and 5.3 summarize the causes of distress in asphalt and concrete
surfaces.

5.12 Deciding How Much Data to Collect

To support network-level analysis, sampling processes can be used to reduce data
collection costs (1). Sampling is conducted by measuring information about a part of
the whole that can be used to estimate something about the whole (21). Standard
sampling techniques are used to avoid collecting “ unrepresentative” data that could
bias the estimates (21,22,23).
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Sampling can be conducted on a network or section basis. To estimate the condition of
the network for planning purposes, only a sample of the system needs to be surveyed
for each measure selected to be used, e.g., only a portion of the data collection or
management section will need to be surveyed. However, if individual sections areto
be identified as needing maintenance or rehabilitation in the PM S, then the condition of
each section must be known, e.g., each section must be surveyed but only a portion of
each section can be surveyed.

Nerwork Sampune: - Studies conducted about the sampling of condition based on distress
have generally been based on collecting information to predict a condition index. In
two such studies, the pavement evaluation score (PES) used by the Texas Department
of Transportation (TXDOT) were considered in addition to serviceability index based
on roughness and surface curvature index based on Dynaflect measurements (24,25).
The results were considered adequate to represent conditions on a state-wide basis and
for district stratification of the statewide network.

All sampling studies indicate that a smaller percentage of the samples will need to be
inspected when the total number in the whole increases. This generally leads to the
conclusion that a greater percentage of arterial roads and streets will need to be
inspected than for residential and local roads and streets. References 22 and 23 give
detailed instructions on selecting sample sizes for different conditions. The TXDOT
studies found that a sample size of 2 to 5 percent, depending on the size of the network
being sampled, will be adequate to determine average condition (24). If thegoa isto
predict the distribution of condition so that the percent of the network below some
selected score can be identified, then a sample size of 10 to 15% was needed (25). If
the goal isto predict the cost to repair those sections of pavement below some sel ected
value, a sample size of 30 to 35 percent is needed (25). This approach will support
overall planning concepts. Many states survey the first 500 feet of amile, which
corresponds to approximately 10%.

secrion Saveune: 1T @2 goal of the PMS isto identify those sections of pavement that arein
a selected condition level that requires some specified treatment, the condition of each
section must be defined. However, this does not mean that each section of pavement
must be inspected every year or that 100 percent of the area of each section must be
inspected.

If awindshield survey is used to inspect the pavements, then normally the entire
management or data collection section is inspected each time. However, if awalking
survey or an automated survey vehicle is used, the inspection costs can be reduced by
inspecting only a portion of each management or data collection section. The
management or data collection can be divided into sample units or inspection units of
approximately equal size, and only a portion of those are inspected.

Frequency of Survevs: NOt all sections need to be inspected every year, especialy if the
PMS has a method of projecting future condition. More important sections, such as
those on the interstates, can be inspected every year while those sections with lower
usage can be inspected every second or third year. Thosein better condition and with
lower rates of deterioration can be inspected less often than those deteriorating quickly.
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A condition projection method can be used to bring al section conditions to a common
period for analysis.

5.13 Summary

Finally, two appendices have been included. Appendix 5A isasample of the distress
evaluation charts used in New Mexico for their manual survey. Appendix 5B isa
reproduction of the draft AASHTO protocols for pavement condition data collection.
They have been included as information for users of this workbook.
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6.1 Module Objectives

This module describes the historic development of pavement condition indices, the

different types of indices, and their basic functionsin aPMS. The module will aso
describe in detail how they may be developed and how they are computed. Several

case studies are presented as examples of the use of different indicesin aPMS.

Upon completion of this module, participants will be able to:

Describe the different types of pavement condition indices
Describe how condition indices are used inaPMS
Describe how a condition index is devel oped

Determineif an index is satisfying its intended purpose

w W W W

6.2 Historical Development of Pavement Distress Indices

Pavement distress information is usually converted into a condition index. The
condition index combines information from all of the distress types, severities, and
guantitiesinto asingle number. This number can be used at the network level to define
the condition state, to identify when treatments are needed, for ranking or prioritization,
and as the number used to forecast pavement condition. The condition index may
represent a single distress such as fatigue cracking or a combination of many pavement
distresses which is then usually referred to as a composite index. Additional
information has also been included in some indices such as traffic levels, highway
class, etc. to produce priority ranking indices.

One of the earliest pavement condition indices was the Present Serviceability Rating
(PSR) developed at the AASHO Road Test. The PSR was developed at the AASHO
Road Test by having raters riding in an automobile assign a pavement condition value
that indicated the level of service the pavement provided. Researchers wanted,
however, to measure thisindex objectively. Therefore, arelationship was devel oped
between the mean PSR assigned by the panel, and some obj ective measurements such
as roughness, rutting and cracking (1). The new index, which was based on the values
of pavement smoothness, rutting cracking and patching was called the Present
Serviceability Index (PSI). The resulting relationship for PSI for flexible pavementsis
shown in Equation 6.1.

Notice the difference between the PSI and the PSR. The “Index” is a statistical
estimate of the panel’s mean “Rating’”.

Equation 6.1 allowed the calculation of PSR directly from objective measurements. At
the time it was a tremendous advancement for pavement management because it
provided a network health index that could be calculated from objectively measured
condition data. This was a breakthrough because panel ratings were expensive and
unstable. Collecting RD, SV, C and P measurements was aso expensive, but it was far
more reliable.
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Equation 6.1

PSI = 5.03-log(1 + SV)-1.38(RD)? -0.01(C + P)'?
Where

PSI =  the present servicesbility index which is a statistical estimate of the
mean of the present serviceability ratings given by the panel,

SV = Slope variance over section from CHLOE profilometer (slope variance
was an early roughness measurement)

RD = mean rut depth (in.),
C= cracking (ft / 1000 ft?) (flexible),

P=  patching (ft?/ 1000 ft?).

The Federal Highway Administration (FHWA) still requires states to submit PSR data
for nationwide road health monitoring. The FHWA guidelines for collecting the PSR
data are shown in Table 6.1.

PSR ranges from 0 to 5 based on a description of rideability, physical distress, and
rehabilitation needs (2).

The AASHO Present Serviceability Rating or the Present Serviceability Index was
adopted by many states as their pavement distress index in the development of their
PMS. These are the most recognized indices that were specifically developed to reflect
the special quality or service (ride) a pavement provides to the user (vehicle passenger).

In the late 1960’ s more unique indices were developed by severa states as they
developed their own pavement condition surveys (3). These indices were often

devel oped through consensus when considering which distress to include and how they
were to be computed.

The U.S. Army Corps of Engineers developed a very complete condition index for a
pavement management system in 1976 (4). Thisincluded pavement condition survey
procedures and a detailed method for calculating a Pavement Condition Index (PCI),
which is still used today by many agencies. The computational procedures for this
index will be shown later in this module (4).

As pavement management systems evolved to more complex systems, the form and
utility of the indices used changed as well. Composite indices provide afairly good
indication of the general condition of the highway system. They indicate when action
is needed but may not be discerning enough to help identify what treatment should be
considered. Thus, they limit the ability of a PMSto efficiently and practically compute
life-cycle cost analysis and perform network optimization. More distress specific
indices are used to provide more information for the analysis requirements in the more
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Table 6.1 FHWA guidelines for collecting PSR data

Verba

Description

PSR

Very
Good

Only new, superior (or nearly new) pavements are likely to be
smooth enough and distress free (sufficiently free of cracks
and patches) to qualify for this category. Most pavements
constructed or resurfaced during the data year would normally
be rated very good.

50

4.0

Good

Pavements in this category, athough not quite as smooth as
those described above, give afirst class ride and exhibit few, if
any, visible signs of surface deterioration. Flexible pavements
may be beginning to show evidence of rutting and fine random
cracks. Rigid pavements may be beginning to show evidence
of dight surface deterioration, such as minor cracks and
spalding.

3.9

3.0

Fair

Theriding qualities of pavements in this category are
noticeably inferior to those of new pavements, and may be
barely tolerable for high speed traffic. Surface defects of
flexible pavements may include rutting, map cracking and
extensive patching. Rigid pavementsin this group may have a
few joint failures, faulting and cracking, and some pumping.

29

20

Poor

Pavements in this category have deteriorated to such an extent
that they affect the speed of free-flow traffic. Flexible
pavement may have large potholes and deep cracks. Distress
includes raveling, cracking, rutting, and occurs over 50
percent, or more, of the surface. Rigid pavement distress
includes joint spalling, faulting, patching, cracking, scaling,
and may include pumping and faulting.

1.9

1.0

Very
Poor

Pavementsin this category are in an extremely deteriorated
condition. The facility is passable only at reduced speeds, and
with considerable ride discomfort. Large potholes and deep
cracks exist. Distress occurs over 75 percent or more of the
surface.

0.9

0.0

sophisticated PMS. The distress specific indices used by different states usually consist
of at least cracking, rutting and ride, but they may also consider the various cracking

categories. Moreinformation on the development and computation of individual
distressindices as well as composite indices will be discussed in alater section.

In addition, abrief summary of current practices in various states will be included.
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6.3 Need for Pavement Condition Indices
Condition indices are used in most pavement management systems for the following
four basic reasons (5):

Trigger treatments

Calculate life-cycle costs

Evaluate the network condition

Make use of the same relative scale between systems

w W W W

Triceer Treawents: DUrNG a PM S analysis, alist of maintenance and rehabilitation
strategiesis generated. In generating thislist, it isimportant that only feasible
treatments are considered; otherwise the list would beinfinitely long. To make the list
include only feasible treatments, the PM S needs to know when a treatment is feasible
and when it is not.

The process used by most PM S can be described as a simple decision process, where
decision trees or triggers are used. The major inputs to this process are the condition
indices. For example, with a treatment such as a“thin overlay”, a condition index is
needed to indicate when aroad isin a condition that makes applying a ‘thin overlay’
feasible.

Feasibility can be examined from two perspectives: (1) operationaly, and (2)
economicaly. Itisimportant not to confuse them. From an operational point of view,
athin (25 mm) overlay is sometimes impossible to actually place on the pavement.
Consider aroad with ruts, distortions, and severe roughness. If aPMSincluded athin
overlay treatment on the list of strategies for that pavement section it would lose
credibility.

Therefore, from an operational perspective, the PM S needs condition indices to
indicate when aroad is outside the operationally feasible zone of receiving a particular
treatment. Usually agencies begin their PM'S by mimicking current practices, and thus
this usually defines what is feasible from the operational point of view.

CaLcuiate Costs: Pavement condition indices are used to help calculate better cost
estimates for the full range of pavement management strategies. Thiscan assist in
making better cost projections.

There are many ways condition indices can help calculate costs precisely. The cost of
applying the same treatment changes with circumstance. For example, it costs more to
fill cracks on aroad with many cracks than on aroad with few cracks. Or, it costs
more to overlay aroad with fatigue cracking than aroad without fatigue cracking. Or,
it costs more to fill potholes on aroad with many potholes than on aroad with few
potholes. Then thereis aleveling course for uneven surfaces, drainage repair for poor
drains, base repairs for high deflections and so on.

Not only can condition indices signal the need for extra work, sometimes they can also
be used to estimate quantities required for activities such as crack filling or patching.
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Evaruate Network Hearr: A PM Sis atool an agency usesto get information to help make
decisions. The individual condition indices used for calculations within a PMS are
one-dimensional i.e. they only describe one measure of condition. An exampleisaride
index or afatigue cracking index.

Composite indices have been devel oped by many agencies and are used to describe or
account for many different measures of condition at once. Composite indices are often
acombination of all of the distress data collected by an agency. They are often
calculated from ride, cracking, and rutting and condition data at a minimum. The
relative weighting of each distress within the composite index is often based on the
collective opinion of those within the agency as to which are the most important
pavement distresses.

Composite indices are used by most agencies to show the present condition (health) of
the pavementsin their highway system. The use of composite indices allows the
comparison of roads that are experiencing distinctly different distresses but are al
considered deficient. The composite index is also easier to explain at the non-technical
level within and outside of an agency.

Comparine Roans with Dirrerent Distresses: 1 he fourth reason why condition indices are needed
isto compare one road directly to another that may have experienced different
deterioration patterns. Aslong as different distress indices such as fatigue cracking,
rutting, and ride are devel oped with different units but with the same relative scale,
different roadways with different distresses may be compared to each other. In some
cases, agencies have developed unitless scales to minimize the differences between
indices.

With these unitless indices, a vaue of forty may represent a bad condition for one
index, and also represents the same level of bad condition for another. In other words,
forty isforty, no matter which measure of condition it stands for. This requires careful
calibration between indices.

In Ref. (6), the authors provided more specific benefits that can be derived from the use
of pavement distress indices. They emphasize that:

§  Any pavement distress index allows better communication between the highway
engineers of astate. For example, if the rating scale of the distressindicesis 0to 100
(100 = perfect pavement) and the threshold value is 60, then a value of a distress index
of a pavement section of 45 has the same specific meaning to all engineers, regardless of
the geographical location.

§  Pavement distress indices also permit highway organizations to establish a standard
critical threshold level below which the pavement is considered unacceptable and in
need of major maintenance or rehabilitation. Thiscritica value may vary with the
functional classification of the pavement (i.e., Interstate versus farm to market). For
each distressindex or for al indices, it is also possible to establish various threshold
levels whereby one level will indicate the need for routine maintenance, another the
need for minor repairs, and another to identify major rehabilitation needs.

§  Pavement distressindices also permit highway organizations to rank roads and
highways for their maintenance / rehabilitation activities.
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§  Somedistressindices such as PS| relate subjective ratings to objective distress
measurements.

§  Pavement distressindices collected over several years allow the SHA to determine the
rate of deterioration of the different pavement sections of the network and permit
engineers of an agency to modify or calibrate their performance prediction modeis
based on this information.

§ Thedistressindices alow the pavement designer to look back at the design method and
analyze the effects of various design attributes on the pavement distress.

§ If each distressindex is calculated based on only one distress type (itemized distress
indices), then it is possible to determine the relative amount of damage attributed by
each distress mechanism. Hence, it is possible to conduct more detailed analyses of
feasible rehabilitation alternatives.

§ Thedistressindices allow highway engineers to assess the state of “health” of the
pavement network and its rate of deterioration. Thisinformation along with the proper
analysis of the cause of pavement distress, repair techniques and their associated costs
are used to estimate the network’ s needs.

In short, pavement distress indices form the numeric basis for quantifying pavement
distress and may be used in many forms and processes within a pavement management
system.

6.4 Development and Calculation of Pavement Distress Indices

Asdiscussed in Module 5, it is common for agencies to describe pavement distressin
terms of its severity and its extent. Severity indicates how bad the distressis. Extent
indicates the quantity of distress. Extent can be estimated for an entire section length,
estimated over a representative area (such as 100 m per km) or measured. Together,
these two parameters can describe a great deal about a particular distress. In North
America, this has become the standard manner to collect data for individual distresses.

Consider the example of a pavement distress matrix similar to the one shown in Table
6.2. Therows of the matrix divide the severity into three categories. low, medium and
high. The columns represent five categories of extent. During a condition survey a
rater describes the condition of the road by placing a check mark in one or more cells.

Table 6.2 Example Matrix for Collection of Distress Extent and Severity

Extent

Severity | None | 1-10% | 10-25% | 25-50% | >50%

Low

Medium O

High
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Some survey procedures require the rater to put one check mark for each severity (i.e.,
one per row). Others simplify this by requiring the rater to only put one check mark in
the cell representing the most predominant condition. Table 6.2 illustrates the case
where the most predominant distressis recorded. In this example, the rater checked the
cell for Medium Severity with an extent between 10 to 25%.

To transform this data into a meaningful condition index, deduct values are needed.
Deduct values are points which are used to compute the index based on the severity
and extent of the distress represented. The development and calibration of the proper
deduct value is the most complicated and critical part in the development of a pavement
condition index.

The concept of deduct valuesis described by its name. The index based is calculated
by deducting a number of points from the index value of a pavement in perfect
condition, depending on the severity and extent of the deficiency. The value deducted
also depends on the condition of the pavement. The number of points deducted is
called the deduct value. The very simple formulawhich uses a deduct value to
compute adistress index is shown in the following equation.

Equation 6.2
PCl; = PCl;sx — S Deduct
Where
PCl, = individual condition index based on measured
condition 1
PCl riax = value for perfect condition with no measured defects
Deduct = deduct value assigned to distress type, severity & extent

Obvioudly, using this equation implies that the condition index gets worse as the deduct
valueincreases. Assume an agency uses an index with a scale from 0 (bad) to 100
(perfect = D, ). If the pavement was in perfect condition, the deduct value would be
0, resulting in an index value of 100. If the pavement was in terrible condition, the
deduct value would be 100, resulting in an index value of 0.

The relative value of the pavement distress index which represents the condition of the
pavement and the shape of the resulting pavement deterioration depends entirely upon
the development of the deduct values. Two basic approaches are often used to develop
deduct value:

§  Expert opinion
§  Engineering or mathematical

Both approaches have many variations.

The easiest way to allocate deduct valuesis to use expert opinion. Most agencies that
have devel oped pavement condition indices begin with this process. To use this
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approach, agency experts meet to assign deduct values to each cell in amatrix similar
totheonein Table 6.2. This approach, however, has provided for some awkward
looking pavement trends, or in some cases has not produced any reasonable trends at
all. If not approached properly, expert opinion can give erratic results at best or smply
incorrect results at worst (5,7).

To illustrate this process, consider the following example of historic deterioration
trends for atypical road. In thisexample, Table 6.3 showswhere arater has placed his
or her check mark during eight consecutive condition surveys. These eight surveys
were conducted every two years, for atotal of sixteen years. Together, then, the eight
check marks indicate how the condition of the road changed during the sixteen years.

Table 6.3 Example of a typical failure trend for eight surveys over 16 years.

Extent
Severity None 1-10% 10-25% 25-50% >5
0%
Low 0, 04 Ue Us
Medium 010 EPINEY!
High U1e

This example provides an illustration of the historic condition trends for one arbitrarily
selected road segment. The age of the road is indicated with a subscript on each check
mark. Notice that the road had no distress when it was two yearsold. This check mark
was from the first survey. The next survey at age four, resulted in a check mark in the
1-10% extent, low severity cell. In the eighth and final survey, when the road was
sixteen years old, the check mark was placed in the 25 to 50% extent, high severity
cell.

Double check marksin two of the cells do not imply that there was no change in
pavement condition, but that change stayed within the limits of that cell. For example
between the 12" and 14™ years the distress may simply have progressed from 30% to
45%. The fact that the deduct values did not change is one of the primary problemsin
using adeficiency matrix or blocks of extent rather than measured values of extent. On
the positive side, this approach is much ssimpler to survey and use and has been found
accurate enough for network level PM S processes (7).

In asense, Table 6.3 shows the ‘failure mechanism’ of thisroad. By following the path
the check marks took through the matrix, an agency can see how the condition in the
field changed over time. The next step now is to see how the distressindex for that
road changed over time. To do this we need deduct values for each of the cells with
check marks. Table 6.4 illustrates this concept. This type of matrix must be devel oped
for each of the distresstypesincluded in the survey.
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Table 6.4 Example deduct values assigned by expert opinion.

Extent
Severity None 1-10% 10- 25-50% >50
25% %
Low 0, 20, 3065 40 50
Medium | O 35 40 4 60 1214 75
High 0 50 60 80 16 100

The age is again used as a subscript to show the path the check marks took through this
matrix. The subscripts on the deduct values help illustrate the road’ s failure
mechanism. Ancther road may take an entirely different path through the matrix asit
deteriorates over time. Failing to realize this leads to one of the biggest problemsin
assigning deduct values. If the deduct values are not smooth for each possible path, the
performance curve for any road following that path will also not be smooth.

Plotting the condition index versus age for the example road gives the curve shown in
Figure 6.1. The shape of this curveistotally dependent on the deduct values assigned
in Table 6.3, and the path through the distress matrix. Any time one of the deduct
values changes, a point on the curve will aso move. That would change the shape of
the curve. Two roads could take two entirely different paths through the matrix. This
too would change the shape of the performance curve.

In order to develop smooth and continuous performance curves, it isimportant that
deduct values be carefully assigned. The following discussion gives three exampl es of
amore scientific approach developed to help automate the process. These approaches
help express deducts as a function of extent and severity so it is easier to control the
fina shape of the performance curves.

One of the best introductions to developing individual condition indicesisincluded in
Ref. (6). The following section is paraphrased from this reference. The authors
introduce three terms that are essential for developing individual condition indices:

Index Scale: Theindex scaleisthe scale used for the condition index. There are an
infinite number of index scales to choose from. Some, such as the scale for the
International Roughness Index (IRI), are open ended or ‘unbounded’, and can
theoretically go to infinity. Others are bound by maximum and minimum values such
as 0 (bad) to 100 (good), 0 (bad) to 5 (good), or 100 (bad) to 0 (good), to name afew.

Thefirst step in developing individua indices will be to decide on ascale. A scaleof 0
(bad) to 100 (good) is used as an example. Note that the minimum and maximum are
only examples, and the fact that the scale decreases with decreasing condition is also
only an example. Thisis not the only way of developing an index. In order to be able to
compare one distress index with another, it isimportant that the same scale be used for
each index.
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Figure 6.2 Plot of example distress values versus age for deducts assigned by expert opinion.
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Threshold Value: The threshold represents the value below which a pavement is
considered to be in unacceptable condition based on whatever scale is being used. On a
scale of 0 (bad) to 100 (good), avalue of 60 is areasonable example of athreshold
value. Thisrating is based on the assumption that 40 deduct points were subtracted
from the maximum rating of 100. One of the challenges involved in developing
condition indices and assigning deduct points is ensuring that the index only fals
below the threshold value when the road truly is in unacceptable condition, and not
before. In many instances, threshold values are set consistently for each of the distress
indices so that unacceptable conditions are reported consistently.

Engineering Criteria: T hese values relate the actual condition of the road to the threshold
value. The engineering criteria are established setting the amount of distress for each
severity level at which the road reaches an unacceptable condition.

For example, assume that three severity levels; low, medium and high, exist for a
particular distressindex. In thisinstance, three criteriawould have to be defined. These
three engineering criteria are established at the extent at which each of the three
severities reaches the threshold value. In other words, the engineering criteria
represent the values at which the threshold values would be reached if only that distress
at that particular severity level were present. To illustrate how these values are used in
this example, assume engineering criteria of 70% for low severity, 20% for medium
severity, and 10% for high severity are used.

Ref. (5) provides examples of how the engineering criteria used. To demonstrate these
examples, a sample graph of deduct values versus extent are shown in Figure 6.2. The
three lines on this graph are determined by first calculating the deduct value of 40 from
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the threshold value of 60 (i.e. 100 — 60 = 40). Next, the threshold lineis drawn
horizontally at the deduct value of 40. The next step involves extending the engineering
criteriafrom the axis up to this horizontal threshold line. Finaly, aline joining each of
the three intersecting points to the origin is drawn. These lines represents the deduct
curve for the respective severity levels.

To use this graph, enter on the x-axis an extent, go up to the respective severity line,
and then across to get the deduct value. Alternatively, the formulafor each line can be
derived so that the deduct value can be directly calculated. Since the slope of each
curve equals the threshold deduct value (40) divided by the respective engineering
criteria (70, 20, 10) as shown in the following equation:

Equation 6.3

DVs= (Dmax - TV)/[ECs~ EXTs
Where:
DV = current deduct value for severity s
D max = maximum value on index scale
TVs = threshold value for severity s
EC, = engineering criterion for severity s
EXTs = current extent for severity s

Table 6.5 shows amatrix of the deduct values that result from using Equation 6.3 for
each severity level in the example. To obtain these deduct values, assume the extent
for each severity is at the midpoint in the range. Using the midpoint, the deduct value
can be determined for each severity level. For example, assume an extent of 5% was
used for the 1-10% range, and 17.5%, 37.5% and 75% for the other three ranges,
respectively.

The deduct values can then be determined from Figure 6.2 and the results entered into
Table 6.5. Note that when the deduct value is determined to be greater than 100, a‘n/a
was placed in the cell. Thiswas done to prevent a negative condition index value since
deducts cannot be more than 100.
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Figure 6.2 Deduct values for example using the straight line approach (5,8)
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Table 6.5 Example deduct values assigned by the straight line approach (5,8)
Extent
Severity None 1-10% 10-25% 25-50% >50%
Low 0, 3 10 g 21 43
Medium 0 10 35 75 1214 n/a
High 0 20 70 n/a n/a

Recdll the plot resulting from the deduct values assigned by the expertsin Figure 6.1,
and the upward trend between years 12-14. Figure 6.3 shows the performance curve
that results from following the same path through the matrix using the new deduct
values calculated in Table 6.5. Thistime thereis an improvement between years 12
and 14.
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Figure 6.3 Example distress values versus age for deducts assigned by the straight line method
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Theissue that ultimately has to be addressed in devel oping the deduct valuesisthe
shape of the performance curves. In order to address thisissue, an agency must be able
to define the most likely path atypical road will take through the severity/extent matrix
astheroad deteriorates. Inturn, thisis also affected by the values chosen for the
severity and extent.

ASTM Standard D5340 provides a set of deduct value versus extent curves based on
work done by Ref. (4). These curves are different from those discussed earlier asa
curved line on a semi-log graph was used as opposed to a straight line on a normal
graph. Figure 6.4 illustrates the curves given for alligator (fatigue) cracking. The x-axis
represents the density or extent, while the y-axis represents the deduct values.

Since this graph was taken directly from the reference, it is not expected to have the
same threshold value of 60 as in the example above. If thisindex did have the same
threshold value, then the engineering criteriawould be 1.5% for high severity, 3% for
medium severity and 8% for low severity. To confirm this, follow the line from the
deduct value of 40 across the graph until it intersects each of the lines.

Conversdly, if thisindex did have the same engineering criteria as our example (70, 20,
10), then the threshold value would be somewhere around 35 (with a deduct of 65).
Once again, to confirm this follow the line from the deduct value of 65 across the graph
until it intersects with the three lines.
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Figure 6.4 Deduct values for fatigue cracking based on ASTM D5340 (4,5)
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The resulting matrix of these deductsis shown in Table 6.6. Once again, the midpoint
of the extent range was used to arrive at these values. Note that the subscripts indicate
the age of the example road when the surveys were performed.

Table 6.6 Example deduct values assigned by a semi-log approach for fatigue cracking, from ASTM
D5340 (4,5)

Extent

Severity None | 1-10% | 10-25% | 25-50% >50%

Low 0, 35, 49 ¢ 58 70
Medium |0 45 64 1 741 82
High 0 56 81 9256 99

Noticethe fairly large deducts for the first range (1-10%). Thisindicates that alligator
or fatigue cracking has alarge impact on deterioration at its early stages. This pattern
affects the shape of the resulting deterioration curve. In this example, the deterioration
curve for aligator cracking would reflect more of an S-shaped curve rather than the
concave curves that may be more traditional.

Figure 6.5 shows the performance curve which results from following the same path
through the matrix using the new deduct values. Thistime there is an improvement
between years 6 and 8. The important thing to notice regarding this curve is the fact
that it is concave upwards. This happens because of the huge initial deduct values.

6-14



PAVEMENT CONDITION INDICES

Figure 6.5 Example distress values versus age for deducts assigned by semi-log approach (4,5)
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A variation of the straight line approach described in Ref. (6) was used in the
development of pavement distress indices in South Dakota (7). These curves were
different from both previous examples because a straight line on alog-log graph was
used. Figure 6.6 illustrates the curves developed for alligator (fatigue) cracking in
South Dakota.

Figure 6.6 Deduct values for example using log-log approach.
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The resulting matrix of these deductsis shown in Table 6.7. Once again, the midpoint
of the extent range was used to get these deduct values. As before, the subscripts
indicate the age at which the surveys were performed. This time the deduct values did
not take a huge jump in the initial extent category. This, as can be seen later, resultsin
a concave downward slope.

Table 6.7 Example deduct values assigned by log-log approach

Extent
Severity None | 1-10% | 10-25% | 25-50% >50%
Low 0, 84 1665 28 40
Medium 0 16 34 4 62 1514 100
High 0 22 54 100,46 n/a

Figure 6.7 shows the performance curve which results from following the same path
through the matrix using the new deduct valuesin Table 6.7. Thistimethereisan
improvement between years 12 and 14. The important thing to notice regarding this
curveisthefact that it is concave downwards. Thisis the shape that is more
traditional.

Figure 6.7 Example distress values versus age for deducts assigned by log-log approach.
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Whatever method is chosen to assign deduct values for the individual condition indices
isup to each agency. Each method has its strengths and weaknesses, and, each method
can produce a different shape in the performance curve. After deciding on the
threshold values and engineering criteria, an agency should then focus on:

§  What isthe most likely path through the matrix for that condition on atypical
road?

§  What should the shape of the performance curve be for that condition based on that
path?

BASIC CRITERIA: Asafinal comment in developing condition indices, the following two
very basic criteria should be considered (8):

Thefirst and most critical criterion isthat the deduct values should be scaled such that
the resulting condition index threshold value (or action point) occurs at about the
middle of the scale (5). In the past, some have established the "should consider action”
level at about 60 % of the scale and the "must consider action" level at 40% of the
scale.

This concept is similar to the common Pavement Serviceability Index (PSI) developed
by AASHO in the early 1960s following the AASHO Road Test. Recall that the PS is
a0to 5 scaewhereavalue of 3isusually considered the proper timing to take action
on ahigh quality roadway, and avalue of 2 is considered fairly poor condition for even
a secondary road. The value of extent and severity corresponding to the threshold value
is sometimes referred to as the engineering criteria (5).

The second criterion is that the transition of the deduct values through the various
levels of the distress matrix should produce a condition index that transitions as
smoothly as possible with time. Pavement distressis usually observed in thefield asa
continuous process with time, as the distress progresses through the full range of
severity and extent. The trends of the pavement condition index in the PM S should
correspond to the trends observed in the specific pavement section represented by that
index. Most deficiencies, once they become apparent, tend to increase in both severity
and extent at an increasing rate with time. Thus the pavement condition index, which
is the numeric representation of the pavement condition in the field, should have the
same trends with time as the deficiency appears to have in the field.

In general, those pavements that deteriorate rapidly after the last treatment tend to have
afairly linear formi.e. the rate of change in pavement condition is about the same from
one year to the next. Those pavements that last longer before some distressis observed
tend to be more exponentia in form.

Pavements that have lasted an unusually long time before distress occurs tend to
deteriorate quite rapidly in the end; thus they appear to have a very sharp exponential
trend. Though this second criterion is not absolutely required for aPMS to function, it
is necessary for the PM S to have wide acceptance and is the best utilization of the tool
in the decision making process.
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6.5 Current Practices in Determining Pavement Condition

In 1994, a survey of al the states was performed to summarize the current practices
used to determine the condition of pavementsin North America (9). Nearly al the
respondents (50 states and 9 Canadian provinces) indicated that the agencies are
performing data collection activities in one or more of the four main areas of pavement
condition evaluation. These four areas were described in more detail in Module 6, but
to briefly recapitulate, are:

Distress
Roughness
Structural
Friction

w W W W

The methods and procedures used for the collection of roughness data and friction
testing are the most standardized practices being followed. Both the use of the South
Dakota type profiling device and reporting of roughness in terms of the IRI has
increased sharply.

Many of the agencies evaluate structural capacity, but practices vary widely in
programming, conducting, and reporting procedures. Thisinformation is used primarily
for project-level design rather than at the network-level.

Nearly al the agencies perform friction or skid testing and ASTM methods are most
commonly used. Only afew agencies perform friction testing on a continuous, annual,
network-survey basis.

The widest variation of practices occurs in the collection and use of pavement distress
information. Many of the agencies have recently updated their procedure manuals.
Field survey procedures and distress definitions vary greatly. The methods and
condition indices used alow little opportunity for exchange of performance data among
agencies.

Approximately 80 percent of the agencies use a distress index, serviceability
index/rating, or a priority rating as the output for the distress survey. There does not
appear to be any evident trends in the way these indices have developed, although
formulae are used more frequently than other methods. Over two-thirds of the agencies
combine their distress index or ratings with other indices or ratings. The most often
used additional index is roughness.
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MODULE 7 [|™7

ESAL FLOW MAPS

7.1 Module Objectives

The basic concepts of characterizing truck loading by the use of Equivalent
Single Axle Loads (ESALSs), and how they are determined, are discussed in this
module. The application of ESALSs rather than basic traffic volumesin aPMSis
discussed as well as the calculation of accurate ESAL estimates considering
daily, monthly, and seasonal truck flows for use in pavement mangement
systems and in pavement design.

Upon completion of this module, the participants will be able to:

§ Describe what ESALs are and why they are used in pavement design and in PMS.

§ Describe how ESALs are determined and what measurements are needed to develop
an ESAL flow map.

§ Describe the basic equipment needed, and what sampling plan may be required to
collect sufficient truck volumes and classifications to develop reasonably accurate
ESAL estimates for PM S and pavement design needs.

§ Understand the benefits of having more complete ESAL estimatesin a PMS and
how they can be used to improve the analysis and project selection.

7.2 Introduction

This module provides information on the collection and evaluation of traffic loading
datafor pavement design and pavement management needs. Truck traffic loading
evaluation should be performed as part of the overall engineering evaluation of a
particular project for pavement design purposes. For the very same reasons, a general
traffic file containing truck traffic loadings for each highway should be part of a
pavement management system. Asan example, future traffic levels may dictate
whether patching or sealing may be an adequate treatment or if an overlay is required.
If an overlay isrequired, the magnitude of that future traffic loading will determinein
large part what the thickness of the overlay will be.

A complete traffic evaluation provides information on the estimation of past and
current loadings, on the structural adequacy of the existing pavement, and on the
expected future traffic loadings. By knowing the past and current traffic loadings,
comparisons can be made with the design traffic to provide an indication of how well
the pavement is performing and if a structural deficiency exists. The consideration of
the future traffic loadings can be an important part of rehabilitation planning and
programming and may also influence the ultimate selection of the rehabilitation

strategy.

An evaluation of traffic loadings is one of the most important factors in any aspect of
pavement design and rehabilitation and consequently it is of equal importance for
pavement management. The collection of representative traffic data and its proper
interpretation and analysisis critical in achieving adequate designs.
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One problem in evaluating traffic loadings is that a variety of vehicles utilize a
roadway, each having different gross weights, axle types and weights, and axle
configurations. It isvery difficult to interpret datathat consist of awide array of axle
loads and types and apply them directly in a pavement design and evaluation. Itis
much more convenient to employ a standard measurement of traffic loading in which
all axle loads applied to a pavement structure by the mix of vehicle types are converted
into an equivalent number of loadings of a standard axle. Most highway agencies use a
standard axle and the one employed in most design methods is the 18-kip (80 kN)
equivalent single-axle load (ESAL).

7.3 Load Equivalency and Truck Factors

Load equivalency factors (LEF) and truck factors (TF) play an integral part in the
development of the number of 18-kip (80 kN) ESAL applications for rehabilitation
design. However, these two factors are often confused and it isimportant that the
distinction between the two be understood.

Loao Equivatency Factors: Each vehicle traversing a pavement produces deflections, stresses,
and strains in the pavement/subgrade layers. Each response inflicts an infinitesimal
amount of damage to the pavement. With repeated applications, the amount of damage
accumulates and reduces the remaining service life of the pavement. Different vehicle
types, load magnitudes, and axle load configurations all produce different pavement
responses that result in different levels of damage to the pavement.

Sinceit is very difficult to assess the damage caused by every vehicle type that may
utilize a pavement, design engineersfind it useful to express the amount of damage
caused by each vehicle type in terms of the equivalent amount of damage caused by a
standard axle. Aswas mentioned earlier, the standard axle used by most highway
agencies and design proceduresis the 18-kip (80 kN) single axle. The basisfor the
conversion of the mixed traffic loads to the equivalent number of standard axle load
applications was devel oped from data collected at the AASHO Road Test, conducted
in Ottawa, Illinois from 1958 to 1960 (1). At the Road Test, similar pavement designs
were loaded with different axle types and loadings so that the direct effect of each axle
type and load on pavement damage (expressed in terms of present serviceability 10ss)
could be ascertained. A load equivalency factor was defined as follows:

Equation 7.1: Calculation of load equivalency factor

LEE = Number of 18 kip ESAL to cause loss of serviceability
- Number of X kip axle loads to cause same loss
Where
X= Axleload for which equivalency is calculated.

For example, consider two identical pavement structures that are subjected to loadings
from two different axle types. Assume that the first pavement structure sustains
100,000 applications of an 18-kip (80 kN) single axle for a serviceability drop from 4.2
to 2.5, while the second pavement structure sustains 14,347 applications of a 30-kip
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(133 kN) single axle for the same serviceability loss. The load equivalency factor for
the 30-kip (133 kN) single-axle load is then:

LEF 34ipsnge = 100,000 / 14,347 = 6.97

Or, 14,347 passes of the 30-kip (133 kN) single axle produce as much damage as
100,000 applications of the 18-kip (80 kN) single axle. In other words, 1 pass of the
30-kip (133 kN) single axle causes the same amount of damage as approximately 7
passes of the 18-kip (80 kN) single axle.

Empirical regression equations were developed from the AASHO Road Test data that
express the relative amount of damage caused by each axle load and type in terms of
the equivalent amount of damage done by an 18-kip (80 kN) single-axle load. Load
equivalency factorsfor aterminal serviceability of 2.5 areillustrated in Table 7.1 (for
flexible pavements) (2).

As an example in the use of the load equivalency tables, consider a flexible pavement
with a structural number of 5.0 and aterminal serviceability (P, of 2.5. Referring to
Table 7.1 the following equivalency factors are obtained for the specified axle loads
and types as shown in Table 7.2.

From Table 7.2, observe that one pass of a 30-kip (133 kN) single axle produces the
same amount of damage as 6.97 passes of an 18-kip (80 kN) single axle. Additionally,
one pass of a48-kip (213 kN) tandem axle produces as much damage as 4.17 passes of
an 18-kip (80 kN) single axle, and so on. The LEFswill change with structural number
and terminal serviceahility.

Note that a single axle is defined as an axle on a vehicle that is separated from any
previous or succeeding axle by more than 96 in (2438 mm). A tandem axle is defined
as two consecutive axles that are more than 40 in (1016 mm) but less than 96 in (2438
mm) apart. A tridem axle is three consecutive axles that are more than 40 (1016 mm)
but not more than 96 in (2438 mm) from one of the other axles in the group (1).

The traditional relationship between pavement damage and the applied load is that
damage increases to the fourth power asthe axle load increases. For example, in the
above table where the load is doubled (15-kip [67 kN] single axle to 30-kip [133 kN]
single axle and 18-kip [80 kN] tandem axle to 36-kip [160 kN] tandem axle), the LEF
increases approximately by afactor of 24, or 16. This concept isillustrated in Figure
7.1, which shows the increase in the damage factor (LEF) asthe grossaxleload is
increased. Similar curves can be generated for tandem axles. Note that the benefits of
distributing aload over atandem axle are a so apparent, as for the same gross weight
the damage factors are much less for the tandem axle than for the single axle.
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Table 7.1 Excerpt from AASHTO load equivalency factors for flexible pavements (2).

Axleload equivalency factorsfor flexible pavements, single axlesand p; of 2.5
Axle Pavement Structural Number
L oad
(kips)
1 2 3 4 5 6

2 .0004 .0004 .0003 .0002 .0002 .0002
4 .003 .004 .004 .003 .002 .002

6 .011 .017 .017 .013 .010 .009

8 .032 .047 .051 .041 .034 .031

10 .078 102 118 102 .088 .080
12 .168 .198 .229 213 .189 176
14 .328 .358 .399 .388 .360 .342
16 501 .613 .646 .645 .623 .606
18 1.00 1.00 1.00 1.00 1.00 1.00
20 161 157 1.49 147 151 1.55
22 2.48 2.38 217 2.09 2.18 2.30
24 3.69 3.49 3.09 2.89 3.03 3.27
26 5.33 4,99 431 391 4.09 4.48
28 7.49 6.98 5.90 5.21 5.39 5.98
30 10.3 9.5 7.9 6.8 7.0 7.8

32 139 12.8 105 8.8 8.9 10.0
34 184 16.9 13.7 11.3 11.2 125
36 24.0 22.0 17.7 14.4 13.9 155
38 30.9 28.3 22.6 18.1 17.2 19.0
40 39.3 35.9 285 225 21.1 23.0
42 49.3 45.0 35.6 27.8 25.6 27.7
44 61.3 55.9 440 34.0 31.0 33.1
46 75.5 68.8 54.0 41.4 37.2 39.3

Table 7.2 Example load equivalency factors for various single axle types.

AxleLoad and Type LEF
15-kip (67 kN) single axle 0.49
18-kip (80 kN) single axle 1.00
30-kip (133 kN) single axle 6.97
18-kip (80 kN) tandem axle 0.08
36-kip (160 kN) tandem axle 1.38
48-kip (213 kN) tandem axle 4.17
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Figure 7.1 Relationship between damage factor (LEF) and gross axle load (3).
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Truck Facrors: While the LEFs provide a means of expressing equivaent levels of damage
between axles, it is more convenient to express that damage in terms of the average
amount of damage inflicted by a particular vehicle. That is, the average damage done
by each axle on avehicle are added together and expressed as the total amount of
damage done by the passing of that one vehicle. This addition isincorporated within
the concept of the truck factor (TF), which is defined as the number of 18-kip (80 kN)
ESAL applications per truck (or vehicle). A truck factor may be computed for each
general truck classification or for all commercial trucks as an average for a given traffic
stream. It ismore accurate to compute truck factors for each general truck
classification.

Typical truck factors for flexible pavements are given in Table 7.2 (4). Thistable
provides truck factors for various truck classifications and also for different highway
classifications. For example, atruck factor of 1.09 for "tractor semi-trailers 5-axle or
more" means that 100 passes of this truck causes the same amount of damage as 109
passes of an 18-kip (80 kN) single-axle load.
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Table 7.2 Distribution of truck factors for different classes of highways and vehicles (4).

Truck Factors
Vehicle Type | Interstate | Principal Minor Major Minor Range of
Arterial | Collector | Collector TFs
SU Trucks
2-axle, 4 -tire 0.003 0.003 0.003 0.017 0.003 0.01-0.02
2-axle, 6-tire 0.21 0.25 0.28 0.41 0.19 0.19-0.41
3-axleor 0.61 0.86 1.06 1.26 0.45 0.45-1.26
more
All Single 0.06 0.08 0.08 0.12 0.03 0.03-0.12
Units
Tractor
Semi-Trailors
4-axle or less 0.62 0.92 0.62 0.37 0.91 0.37-0.97
5-axle 1.09 1.25 1.05 1.67 1.11 1.05-1.67
6-axle or 1.23 1.54 1.04 2.21 1.35 1.04-221
more
All Multiple 1.04 1.21 0.97 1.05 1.08 0.97-152
Units
All Trucks
(including pu 0.52 0.38 0.21 0.30 0.12 0.12-0.52
and panels)

Thevalues given in Table 7.2 are averages from 1985 that are not representative of
today's heavier trucks.

For many years, truck factors have been increasing for all categories of trucks.
Reasons for thisinclude the increase in the legal weight limit in the early 1980's,
changes in axle configurations, and increased utilization of trucks. That is, alarger
number of trucks are running full on both legs of their journeys, so that the number of
"empty runs' has been reduced. It appearsthat the truck factor will continue to

increase, atrend that must be considered in projecting future traffic loadings.
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The observation of historical increasesin the truck factor isillustrated in the following
change in the average truck factor (all trucks except panels and pickups) for rura
Interstate flexible pavements from 1971 to 1985:

Year TF (ESA L/truck)
1971 0.595
1975 0.691
1979 0.766
1982 0.929
1985 0.992

The data from recently installed WIM equipment is believed to be more representative
of the actua traffic loading, primarily because overloaded vehicles may bypass routes
with weigh stations. A recent pavement performance study supports this assertion (5).
In that study, mean truck values from seven WIM sites (Interstate highways) in four
states gave an average TF that was 45 percent greater than the TF obtained from W-4
tablesfor 1987. Similarly, five WIM sites (off-Interstate highways) in five states gave
an average TF that was 20 percent greater than the TF determined from the W-4 tables.

ExampLe AppLication o LEF ano TF: 1N Order to obtain a TF that can be used for 4R design
projects, LEFs must first be determined. To do this, the LEFs are used to reduce a
stream of different axle loads into an equivalent number of 18-kip (80 kN) ESAL
applications. Then, the average TF can be computed by dividing the number of 18-kip
(80 kN) ESAL applications by the number of trucks weighed. For example, consider
the following information collected from 331 trucks weighed over a specific pavement
section:

Axle Weight Number Number of
Type (Pounds) of Axles LEF 80KN ESALs
Single 18,000 100 1.00 100
Single 22,000 100 2.18 218
Tandem 18,000 1,000 0.08 80
Tandem 43,000 10 4.17 42
18-kip (80 kN) ESALsfor al trucks weighed 440

Tota number of trucks weighed 331

Truck Factor (= 440/331) 1.33
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Thus, atotal of 440 18-kip (80 kN) ESAL applications have been applied to the
pavement, and since there were 331 trucks, this results in an average truck factor of
1.33 ESALs per truck.

7.4 Conversion of Mixed Traffic to ESAL Applications

The conversion of mixed traffic into the number of ESAL applications for
rehabilitation design applies the concepts discussed in the preceding section. This
calculation can be done to estimate the past traffic that a pavement has sustained
(backcasting), or to estimate the future traffic loads that the pavement is expected to
carry (forecasting). However, additional information is needed in order to perform the
computation. The basic equation for the computation of the number of ESAL
applications for one year is shown below:

Equation 7.2 Annual Equivalent Single Axle Loads for a given highway (6).

ESAL annuaL = ADT x TKSxDDXxLD X TF x 365

Where

ESAL = Number of 18-kip (80 kN) ESAL applicationsin design lane for
Tyr.

ADT =Initid two-way average daily traffic, vehicles per day.

TKS =Percent of ADT that is heavy trucks (FHWA class 5 or greater).
DD = Directional distribution of truck traffic (decimal, not percent).
DL =Lanedistribution of trucksin design lane (decimal, not percent).

TF = Lanedistribution of trucksin design lane (decimal, not percent).

Equation 7.2 provides the number of ESAL applicationsfor 1 year in agiven lane. To
obtain ESAL estimates over some design period, the computation must be done for
each year with any appropriate growth rates (say, on truck volumes or on the truck
factor) applied over that design period. The ESALs from each year are then added up
to determine the cumulative ESAL estimate. This section describes the various
elements needed for that ESAL computation. It should be recognized that the ESALSs
calculated represent the loads applied to a single pavement lane, often referred to asthe
design lane. Thusthetotal ESAL calculation must reflect directiona and lane
distributions.

Trarric VoLume ano Growtn: M OSt highway agencies collect vehicle volume and classification
data on aregular basis at many locations throughout their highway network. This data
forms the foundation for estimating past and future traffic loadings. Asaminimum,
average daily traffic (ADT) and average daily truck traffic (ADTT) should be obtained.
The ADT is generally recorded as the two-way (both direction) traffic count.
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Truck VoLume Grown Rates: [N Order to obtain a reasonable estimate of future traffic
loadings, it isimportant that consideration be given to the growth in future traffic.
Future traffic volumes can be estimated by considering the following factors:

§ Historical trends exhibited by ADT and ADTT traffic volumes.
§ Future highway system changes and land usage in the vicinity.

§ General expected future trends in truck volumes in the vicinity, based upon
economic, political, and other factors.

This information leads to the estimation of ADT and ADTT growth over some given
planning period. In the past, the growthin overal ADT has averaged between 2 and 5
percent, but the growth in truck traffic growth has been much larger. Thisisillustrated
in Table 7.3, which shows an average growth rate of 3.5 percent for all vehicles, a
growth rate of 7.33 percent for all trucks, and a growth rate of 12.1 percent in the
ESAL applications for severa interstate routes in different states (7,8). If the
projections are not broken out by vehicle class, this difference in the growth rates can
create large errorsin the estimation of future traffic loadings

Table 7.3 Example growth rates for different classes of trucks (7,8).

ANNUAL GROWTH RATES (PERCENT)

LOCATION All All Trucks 18 Kip

Vehicles | Trucks 5Axle ESAL
[-94, MT (Wilbaux to ND) 34 54 6.3 10.3
[-90, MT (Billingsto Laurel) 4.0 8.1 131 18.9
1-90, MT (Buitte) 2.6 4.2 9.9 N/A
[-90, MT (Superior West) 39 9.5 104 104
[-90, WA (Cle Elum) 21 N/A 5.6 85
I-5, WA (Vancouver to Olympia) 3.6 N/A 10.1 13..
[-5, OR (Ashland) 4.1 8.8 117 12.6
[-84, OR (Oregon-Idaho Border) 4.4 8.0 104 111
Average 35 7.3 9.7 12.1

Truck traffic growth may be expressed either as ssmple (growing by the same number
of trucks each year) or compound (growing by the same percentage of the continually
escalated truck volume each year). Compound growth rates are more commonly used.

VenicLe Cuassirication:  Reference has been made to categorizing the different vehicles that
traverse aroadway into specific classifications. While many different classification
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systems could be used, it is recommended that the standard classificationsin the
Highway Pavement Monitoring System (HPMS) be used for rehabilitation design (3).
The HPM S includes thirteen vehicle classifications defined as follows:

1. Motorcycles (not required).
Passenger Cars (not required).
Other Two-Axle, Four-Tire Single-Unit Vehicles.

Buses.

Three-Axle Single-Unit Trucks.
Four or More Axle Single-Unit Trucks.

2

3

4

5. Two-Axle, Six-Tire, Single-Unit Trucks.
6

7

8. Four or Less Axle Single-Trailer Trucks.
9

Five-Axle Single-Trailer Trucks.
10. Six or More Axle Single-Trailer Trucks.
11. Fiveor Less Axle Multi-Trailer Trucks.
12. Six-Axle Multi-Trailer Trucks.
13. Seven or More Axle Multi-Trailer Trucks.

For the estimation of ESAL loadings, vehicle classifications 1 through 4 are generally
ignored because their contribution is very small in comparison to that of classes 5
through 13.

7.5 Collection of Truck Weight Data

The collection of accurate and representative truck weight datais extremely critical in
estimating past or future traffic loadings. Axle type and loading has alarge impact on
the damage done to a pavement. In fact, axle type and weight are far more critical for
pavements than vehicle gross weight. Two different trucks could have the same gross
weight but cause greatly different amounts of damage to a pavement, depending upon
their axle configuration.

Permanent Weick Stations: T he most common source of information on truck weightsis from
weigh stations. These are permanent static scales, installed adjacent to a highway, that
are used to weigh the trucks utilizing the highway. Results collected from these
permanent weigh stations are summarized by the FHWA in a series of "W" tables, of
which the W-4 tableis of the most interest to design engineers. The W-4 table consists
of information on truck axle loadings and the equivalent number of 18-kip (80 kN)
ESAL applications (3).

However, severa deficiencies exist with the use of data from permanent weigh

stations. First, the number of stationsin any given Stateislimited. Accordingto a
recent survey, the number of weigh stations varies from alow of 5 in one stateto ahigh
of 64 in another, with an average of 15 locations per State (9).
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Second, few permanent weigh stations operate continuously. Some are open only on
weekdays or only during daylight hours, while others that operate on a 24-hour basis
may do so only for one or two days per week. Thus, the data collected represents a
very limited sample of the actual truck loading. Furthermore, numerous studies have
demonstrated that the truck weight distribution varies significantly by the time of day,
by the week, by the month, and by the season (7). Thus, adjustments to the data
collected must often be made.

Finally, it iswell known that overloaded trucks can bypass weigh stations by selecting
an alternate route, or by traveling during periods when most stations are closed.
Therefore, the data collected may not be representative of the actual loadings that the
pavement is experiencing.

PormasLe Static Scates:  Portable static scales are often used by agenciesto collect site-
specific information for rehabilitation design purposes. The fact that the datais
collected on the pavement under consideration makes it more applicable and useful, but
the dataiis plagued by many of the same problems that afflict the data collected by
permanent weigh stations. Primarily, thisisthe fact that the data represents a very
limited sampling that may not be representative of the actual conditions. That is, the
data may only represent a short time period that would require weekly or seasonal
adjustments, and the data again may not include overloaded vehicles, since truckers
quickly learn of portable scale set-ups and can easily avoid them.

WeicH-n-Morion (WIM): WIM scales are an important advancement in the traffic monitoring
area. In existence for over 20 years, WIM scales are devices that areinstalled on a
roadway and record the dynamic axle weights of vehicles as they travel at highway
speeds. While most WIM scales are portable, permanent scales are occasionally
installed.

WIM offers a high degree of flexibility in data collection and reporting with the use of
high-speed digital processors. WIM devices can be installed in each lane of a
multi-lane facility to provide adistribution of the loadings and traffic in each lane.

The primary advantages of WIM include:

§ Elimination of truck delays, as trucks travel at highway speeds (this may be of
particular importance for high-volume, urban roadways).

§ Minimization of trucks bypassing scales, as there is some conceal ment of the
devices (and they are usually not used for enforcement).

Increase in safety by eliminating need for slow moving traffic.
Ability to process alarge number of vehicles.

Reduction in weight data collection costs.

Improvement in the quality and quantity of weight data.

w W W W

As previously mentioned, the truck factor calculated from WIM datais believed to be
more representative of actual loading conditions than the W-4 tables, since alot of
overloaded vehicles bypass permanent weigh stations.
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There are severa types of WIM devices currently in use. Among the different devices
are (10,11,12):

§ Bridge weighing devices, in which the active weight sensing device (strain
transducer) is clamped or permanently fixed to the longitudinal support beams of a
highway bridge. These systems may either be portable or permanent, with the
portable system requiring about 30 minutesto set up. One manufacturer is Bridge
Weighing Systems, Inc.

§ Capacitance pads, in which three layers of steel separated by soft rubber make up
the weight sensors. Capacitance pads are quite portable and can beinstalled in 30
minutes, athough they should not be installed on wet or damp pavements. Golden
River Corporation and Streeter Richardson Corporation are manufacturers of
capacitance pads.

§ Hydraulic load cells, in which two rectangular platforms containing a central oil-
filled piston (sensing element) are permanently affixed to the pavement in the wheel
cells. Set-up timeis approximately 30 minutes. CMI-Dearborn is one manufacturer
of thistype of device.

§ Srain gauge load cells, in which electrical resistance strain gauges are mounted on
aload plate support. This system is available as either a permanent or portable
installation. Manufacturers of this device include the Streeter Richardson
Corporation, the Radian Corporation, and the Siemens-Allis Corporation.

§ Strain gauge bending plates, in which steel plate |load sensors are used to measure
strain under load. Thistype of deviceis usualy permanent and is marketed by the
Siemens-Allis Corporation.

§ Piezoelectric cables, consisting of small diameter (0.125 in [3.2 mm]) coaxia cables
that generate small electrical fields when compressed. This technology is relatively
new in the U.S,, but preliminary results have been promising.

One question that always arises regarding the use of WIM istheir accuracy. Some
comparisons between WIM scales and static scales have indicated axle weight
differences on the order of 8 percent and gross weight differences of 6 percent (17).
Vehicle classification accuracy is typicaly on the order of 94 to 99 percent (17). It
should be realized that the WIM devices measure a dynamic loading effect from the
passing trucks that, due to road roughness and truck suspension systems, will be
different than the static truck weight. At lower speeds or on roads with an extremely
smooth profile, better agreement is expected between the dynamic and the static
weights.

7.6 Components of a Monitoring Program

To obtain accurate data for use in determining existing and projecting future traffic
loading, a comprehensive weighing program should be in effect to provide the
following information (3):

Truck volumes by truck classification.
Volume growth rate for each truck classification.
Truck factors for each truck type and its growth rate over time.
Lane distribution for the truck traffic, preferably by truck type.
Variationsin the average weight of each truck type by lane.

§ The percentage of ESAL applications occurring during all months.
Deveropuent of Truck Factors: T he welght data collected from the traffic-monitoring program
is used to develop truck factors, as described previously. Load equivaency factors are
employed to compute the amount of damage done by each axle load and type in terms
of astandard 18-kip (80 kN) single-axle load. Then, since the number of 18-kip (80

w W W W W
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kN) ESAL applications and the number of trucks weighed are known, an appropriate
mean truck factor can be computed. It is recommended that truck factors be devel oped
for each individual vehicle classification, instead of using a grosstruck factor that
reflects all vehicle classifications. Thiswill be more accurate for the projection of
future ESAL applications because the vehicle classifications can be directly considered
for each highway.

Some highways exhibit much greater truck weights in one direction than in the other.
For example, amajor highway leading to an aggregate pit would have heavily loaded
trucks coming out of the pit and empty trucks returning. Another example might be a
large ocean port facility where heavily loaded trucks are carrying products to the port,
but returning much more lightly loaded. Such imbalances must be accounted for in the
development of appropriate truck factors.

GrowtHin Truck Factor: |t Was noted previously that truck factors have increased over many
years, primarily because of increased legal weight limits and more efficient utilization
of trucks. It is expected that these truck factors will continueto increase and it is
important that these increases be considered. Aswith the truck volume growth factors,
either simple or compound growth can be applied, with compound growth rates being
more commonly used.

Historical data on truck weights and truck factors should provide some indication of
the growth in truck factors. The growth in the truck factor should be estimated for each
vehicle classification in order to obtain a more representative estimate of future traffic
loadings.

DirectionaL Distrisumion:  The directional distribution (DD) is the percent of truck traffic
traveling in one direction. Sincethe ADT or ADTT are normally reported astrafficin
both directions, it is hecessary to compute the value for each direction of travel. In
most cases, it is reasonable to assume that 50 percent of the truck traffic istraveling in
each direction (i.e.,, DD = 0.50). For afew situations, more trucks may be traveling in
one direction than the other. Traffic count data collected should indicate any biasin
directional truck travel, and the direction having the higher truck volume should be
considered the design direction.

Lane Distrisurion:  JUSt as the traffic may vary by direction, it will also vary across lanes on
multiple-lane facilities. For example, the outer lane of a four-lane Interstate highway
(two lanes in each direction) will carry ahigher proportion of truck traffic than the
inner lane. Thus, that outer lane will also carry alarger number of the 18-kip (80 kN)
ESAL applications. The actual distribution of truck traffic across lanes varies with the
roadway type, roadway location (urban or rural), the number of lanesin each direction,
and the traffic volume. Because of these many factors, it is suggested that lane
distribution be measured for the project under consideration.

Inlieu of project-specific data on the lane distribution, tables have been devel oped.
However, these tables should be applied with caution, as they are rough guidelines
only. Notethat alane distribution adjustment is not necessary for atwo-lane highway
(onelane in each direction), since al of the trucks in each direction can only travel in
onelane.
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7.7 Simplified Calculation of ESAL Applications

SimpLiFiep ESAL CaLcuiation Proceoure: [T 1S sometimes useful for the design engineer to obtain
aquick approximation of the past or projected number of 18-kip (80 kN) ESAL
applications for the highway under consideration. To do this, asimplified calculation
procedure can be used. The procedureistermed "simplified" because it uses an
average truck factor instead of a class-specific truck factor. As such, results obtained
using the simplified procedure may not be accurate. This simplified procedure to
compute ESALs is often used in Pavement Management Systems

The 18-kip (80 kN) ESAL estimate using the simplified procedure may be computed
from equation 7.2. All of the required inputs for that equation were described in the
preceding section. To illustrate the use of the simplified procedure, consider the
following example:

Assume afour-lane Rural Interstate Highway

Initial ADT (two-way) = 30,000 15 percent heavy trucks (class 5 or greater)
Current Truck Factor =0.84 Directional Distribution = 50 percent
Lane Distribution = 80 percent Truck Volume Growth Rate = 4 percent

Truck Factor Growth Rate = 2 percent

Estimate: The number of 18-kip (80 kN) ESAL applications for a 5-year
planning horizon.

To assist in determining the number of 18-kip (80 kN) ESAL applications, it is
convenient to set up a spreadsheet to help perform the calculations. For this
example, atable has been set up (see Table 7.4).

A total of 3,116,968 18-kip (80 kN) ESAL applications are estimated for the roadway
under consideration. The yearly ESAL isequal tothe ADTT x DD x LD x TF x 365
(daysinayear).

These values are then summed in the cumulative column to come up with the estimated
traffic loading.

Table 7.4
Yearly Cumulative

Year ADTT DD LD TE ESAL* ESAL*

1 4,500 05 0.8 0.840 551,880 551,880

2 4,680 05 0.8 0.859 586,938 1,138,818

3 4,867 05 0.8 0.874 621,049 1,759,867

4 5,062 05 0.8 0.891 658,495 2,418,362

5 5,264 05 0.8 0.909 698,606 3,116,968

*One direction, outer lane.
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7.8 Factors Affecting the Accuracy of ESAL Calculations

There are anumber of factors that affect the calculation of the 18-kip (80 kN) ESAL
applications. It isimportant for the design engineer to be aware of these factors as
estimates of traffic loadings are developed. The following is a description of some of
the more important factors that influence the ESAL calculation.

Loao Equivatency Facrors:  Load equivalency factors play a fundamental rolein the
estimation of traffic loadings. However, these factors are based on the results of the
AASHO Road Test, which was conducted over 30 years ago. Truck characteristics
(axles, suspension systems, tire pressures) al have changed since that time, and it is not
known how applicable the factors are to today's trucks. Furthermore, the results
represent data from only 2 years of traffic loadings (a. maximum of about 1 million load
applications), far less than what today's pavements experience. How the factor changes
with time and how it is affected by the environment are not known.

One study has shown that the LEFs are not constant, but are strongly dependent upon
the pavement condition (6). Asthe pavement deterioration increased (serviceability
decreased), alarge increase in the LEF was observed. Another study has indicated that
LEFs are influenced by the subgrade stiffness, and suggested that seasonal LEFs be
considered (8).

Finally, as previously mentioned, the LEFs are based on serviceabhility loss, not
pavement distress. Asthere is more movement toward mechanistic design procedures
in which pavement stresses and strains are related to pavement damage, the ultimate
applicability of the AASHTO LEFsis unknown.

Conposimion of Trarric Stream: A traffic stream is composed of different types and weights of
vehicles. Each vehicle, because of its axle configurations and weights, inflictsa
different amount of damage to the pavement. The damaging effects done to the
pavement structure by automobiles and light trucks are generally so small that they can
beignored. However, the impact of trucks on the ESAL estimate is quite substantial,
and that makes it essential that accurate counts of heavy truck traffic be collected.

Truck Factors ano Axce Weients: - Historical trends have shown increases in the truck factor
(ESAL/truck) for al classes of commercial trucks. This can be attributed to increases
in legal axle weight limits and increased utilization of trucks so that fewer "empty runs’
are being made. Therefore, the collection of representative axle weight data, from
which the truck factors are developed, is essential to the development of accurate truck
factors. Furthermore, it isimportant that truck factors be developed by truck
classification and not averaged across many classifications. Weight data collected
using WIM devices are believed to be more representative of actual loading conditions.

Axce Conricurations: |t has been shown that a 36-kip (160 kN) single axle does much more
damage to a pavement than a 36-kip (160 kN) tandem axle, even though the gross load
on each axle typeisthe same. Thus, there are clearly some benefits to distributing
truck weights over many axles. As gross loads continue to increase, different axle
configurations are being used to maintain the per axle load in the same range as before.
However, this practice does not guarantee a similar rate of deterioration in the
pavement.
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The appearance of the tridem axle is one indication of a newer axle configuration that
isnow inuse. Other trucks with multiple axle combinations have appeared that carry
large gross loads distributed over many axles. One study has suggested that the
AASHTO LEFs underestimate the damaging effect of dual and triple axlesin
comparison with single axles (13).

7.9 Truck Flows and Loads for Pavement Management

The remainder of this module is devoted to the basic requirements for the development
of atruck flow map or ESAL traffic load file for use in pavement management systems.
Thislast section of this module recommends procedures that highway agencies can use
to determine the location and frequency of their truck monitoring activities. The
objective of the recommended proceduresis to help an agency design a program that
cost-effectively meets its needs for truck traffic load data within its overall pavement
management structure. If the data are collected and used properly, they should provide
amuch more effective pavement design and management process than is currently
available, thereby increasing the reliability of pavement designs; decreasing overall
pavement construction, maintenance, and rehabilitation costs; and improving an
agency’s ability to manage its pavement infrastructure.

This section discusses:

§ Procedures required to determine the number and distribution of continuous, automatic
vehicle classification (AVC) and weigh-in-motion (WIM) devices within an agency,

§ A system for using the data gathered with these devices to adjust data from short duration
vehicle classification and WIM counts to better estimate average annual conditions,

§ The appropriate length of short duration AVC and WIM counts required to develop annual
average estimates of travel within specified levels of precision, and

§ Research performed in Florida and Washington that illustrates the variability of vehicle
classification and truck weight data that states can expect to find on their roads.

The general recommendations presented in this module are based on a series of
analyses performed with WIM data from Forida and WIM and vehicle classification
data from Washington (14,15). This section of Module 7 has been largely extracted
from the Final Report from Research Project T9233, Task 16 “Truck Flows and Loads

16) by Mark Hallenbeck and Amy J. O’ Brien from the
Washington State Transportation Center.

7.10 Variability in Truck Travel Patterns

The analyses performed by Florida and Washington showed that different states are
subject to different truck travel patterns. Some states (and even some portions of some
states) are subject to truck travel that varies throughout the year as we briefly
mentioned in previous sections of this module. Other states have fairly stable truck
volumes, with little variation from season to season. In some states, truck volume and
weight patterns are fairly consistent for al roads. In other states, truck volume and
weight patterns vary considerably among roads and among geographic aress.

The key to determining (and thus improving) the accuracy of pavement loading
estimatesisin determining the variability inherent in the data and then measuring how
much of that variation is accounted for by the data available for making an estimate.
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This section examines the variability found in the volumes and weights of trucksin
Florida and Washington.

These two states discovered differing amounts of variability in the trucking patternsin
their states. In general, Florida had more stable truck patterns than Washington.
However, even within Florida, a considerable amount of variation was apparent.

Sie Speciric Variation: - Variation in both truck weights and truck volumes were present in
four mgjor areas:

Time of day

Day of week
Season of the year
Geographic location

w W W W

Tme oF Dav Varation: T he time of day variation is usually accounted for in both WIM and
vehicle classification estimates by collecting data for 24-hour periods. Neither the
Florida nor Washington analyses explored these within-day variations because the data
used for these analyses incorporated data collection through the day. However states
that use partial-day counts to represent 24-hour totals must understand that truck traffic
varies throughout the day and that truck time-of-day patterns are different than
automobile patterns.

Davorweec: Variations differ from state to state, and from site to site within an agency.
The analysis of Washington vehicle classification data showed that truck volumes on
Tuesdays, Wednesdays, and Thursdays were statistically the same. For some roads,
truck traffic on Mondays and Fridays was also similar to that on Tuesdays through
Thursdays. In other locations, Mondays and/or Fridays were statistically different. At
almost al sites, Saturdays and Sundays experienced different traffic patterns than those
of weekdays. (In addition, Sundays were different than Saturdays at most sites.)

The study also found that truck volume day-of-week patterns were not similar to
automobile day-of-week patterns. Finally, the day-of-week patterns for many truck
types differed aswell. For example, in Washington, many sites experienced such a
large drop in heavy truck traffic over the weekend that the average monthly weekday
traffic volume for large trucks for al 12 months of the year was greater than average
annual conditions. (In other words, if trucks were counted on any given weekday
during the year, the number of trucks counted times 365 would exceed annual truck
traffic on that road.) If the annual estimation process does not account for day-of-week
changes such as the decrease in truck volumes observed in Washington, those annual
estimates will include significant errors. Consequently, the prediction of annual
average conditions must account for the different traffic levels that are present on
different days of the week.

Seasonor THe Year: 1 TUCK patterns also change by season in some locations. Florida
examined the seasonal patterns of WIM data and concluded that little seasonal
variation was present in that state. A brief analysis of Washington data showed a
considerable amount of seasonal variation among the WIM patterns at ten sitesin
Washington. The different results from both analyses are not surprising. The presence
of seasonal variation within an agency is a direct result of the types of commodities
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trucks carry in that state and the movement patterns of those commodities. Common
sense predicts that roads in different parts of the country will experience avariety of
truck travel patterns, and indeed seasonal differences have aso been observed in
examinations of WIM datain Minnesota and Pennsylvania.

For example, in south central Washington, a considerable increase in both truck
volumes and average damage factor per truck type occursin the late summer and early
fall asaresult of agricultural movements. Floridaalso has agricultural commodity
movements, but the greater diversity of crops and year-round growing season in Florida
have resulted in a more continuous truck movement throughout the year, rather than the
peaked pattern found in south central Washington.

However, the late summer/early fall peak movement described above is not found west
of the Cascade mountain range, because this section of Washington is more urban.
Furthermore, in the rural areas of the western portion of Washington, the truck volume
patterns are very different than those found in the south central portion of the state.

Geocrapric Location: 11 1S &S0 possible to find two roads near each other that have very
different truck patterns. For example, roads impacted by heavy through truck traffic
movements may have very different truck volume patterns than roads that carry
primarily local traffic.

Florida determined that most principal arterials in the Panhandle region followed
similar vehicle weight patterns. Of the four WIM sitesin that group of roads, three of
the sites had a mean damage factor for single trailer trucks of between 0.66 and 0.68.
However, the fourth site had an average damage factor of 1.75. Differences of this size
can be caused by the location of specific facilities (e.g., agravel pit), the nature of truck
hauls on a specific facility, or the presence of other mitigating factors.

These findings support the generally held belief that truck volume and weight patterns
are heavily influenced by factors such as weather (particularly where weather requires
the imposition of load restrictions), type of truck hauls, local industrial base, the
amount of through-traffic, and other factors. Asaresult, the truck patterns that any
state or any site within an agency will experience will vary according to local
conditions. The truck patterns in one state may bear very little relation to thosein a
neighboring state, and thus each state will need to investigate the variation of truck
travel onits own highway system.

Grour Mean Variation:  ONe of the findings of both the Washington and Florida studies was
that the mean for a group of related sites can be significantly different than the actual
value for a specific site or route. For example, in Florida, the mean damage factors
(computed as ESALs/vehicle) for 3S2 trucks for I-75 at four sites were computed as
0.97,1.31, 1.34, and 1.57. Similar variability in damage factors per vehicle was found
in the Washington WIM data; average damage factors at three WIM sites on I-5 ranged
from 0.825to0 1.75.

The variability described above illustrates the importance of determining and
accounting for the variability in truck characteristics (volumes, vehicle classifications,
and weights) found in all states. For example, using the smallest damage factor in
determining pavement design for the highest damage factor location will lead to
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premature failure of the pavement. Using the largest damage factor for a smaller
damage factor location will result in substantial over-design of the pavement structure.
Even the use of the mean for the four sites will result in over-design of the pavement at
one location and premature failure at the other.

Different proportions of vehicles within the different vehicle classes will accentuate the
variability in damage factors. For example, in the Washington data, the proportion of
3S2 trucks in the traffic stream ranged from 2.5 percent at one site to 20 percent at
another site. Even within the stream of trucks itself, the proportion of specific types of
trucks varied. At some Washington urban sites, single trailer trucks made up less than
20 percent of the total truck traffic. At other (rural) Washington sites, single trailer
trucks made up as much as 75 percent of the total truck traffic.

In the Florida WIM data, the proportion of 3S2sin the truck traffic ranged from

19 percent at one site to 84 percent at another site. Florida and Washington urban areas
normally experience a considerably higher proportion of small trucks, and rural areas
normally experience a higher proportion of larger trucks. Asaresult of these
differences in vehicle mix, the average damage factor per truck can differ from site to
site, even if the average damage factor per truck type does not. Remember that the
average damage factor per truck of each type can also change, as noted earlier.

It is because of the variety of waysin which truck volumes and loads vary over time
and from site to site that accurately predicting loadsis a difficult task.
Recommendations for accounting for this variation are presented in the remainder of
this report.

7.11 Recommended Data Collection System

Because of the potential for variation in the number and types of trucks, aswell asin
the damage each truck causes, site specific data collection is the best method for
gathering accurate truck volume and weight data for pavement design and
management. Unfortunately, the cost of collecting these datais high, and the collection
of dataat al sitesisnot reaistic. WIM data, in particular, are difficult to collect. The
reasons are that the collection of accurate loading data requires pavement conditions
that are not present in many roadways and that the sensors needed for WIM data
collection are not easily placed in the pavement.

Therefore, the basic data collection methodol ogy recommended is to collect site
specific data whenever possible and to supplement these data with data collected at
continuously operating sites at a more limited number of locations. The continuously
collected data provide an understanding of truck travel variation over time, while the
short-term data supply the geographic distribution needed for an agency’ s pavement
management system.

This recommended system for determining vehicle loadings for an agency's PM S does
not change the basic philosophy underlying the computation of pavement loadingsin
most states. The recommended system still computes total load by using vehicle
classification counts to estimate the volume of vehicles by class, and WIM datato
estimate the average damage factor by vehicle class. The primary change for most
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states is the adjustment of truck volumes and loading for variation in truck travel by
day of the week and/or season of the year.

Unfortunately, there is no simple formulafor determining the * optimum” number and
distribution of long- and short-term data collection efforts. Each state must develop
these numbers by balancing its need for information against the resources required to
collect that information. The number and distribution of counts required by alarge
state with diverse traffic characteristics will be very different from those required by a
small state with homogenous traffic characteristics.

The data collection program is designed to produce two types of estimates, site specific
values and “system” or “group” means. Note that the definition of a*“system” or
“group” will vary from state to state. For most applications, site specific estimates are
better than system means. However, as indicated earlier, the collection of site specific
estimates is often unrealistic because of limited resources, and where this occurs,
system means must be used.

sme seeciric Data: - T he first recommendation for improving loading estimates is to use data
specific to each pavement site whenever possible. Research has shown that truck-
loading rates (both the number and weight of trucks) can vary considerably from road
to road, even within a specific geographic area. The collection of either (or both)
vehicle classification counts or weigh-in-motion data at a site for which loading rates
are being computed will dramatically improve the accuracy of the loading rate
estimates used for pavement management system analyses and pavement design. The
more site specific loading information collected at a site, the better will be the annual
load estimates.

Averaceo Data: Because traffic data collection, particularly WIM data, is expensive, little
or no site specific datawill be available for developing pavement loading rates. Where
site specific information is not available, values for "similar" roadways must be used.

The use of “similar” roadway values for estimating the number of truckson aroad is
highly discouraged for actual pavement design. These values should only be used for
network level estimates when the cost of data collection prohibits the collection of site-
specific data.

However, the use of “similar” roadway values for estimating vehicle weightsis often
necessary because of the difficulty and cost of placing and operating portable WIM
equipment. Where site specific WIM data are not available to provide damage factors
for the trucks that are using the road, average damage factors for other “similar” roads
must be used. When these average damage factors are developed, the best estimate is
the mean damage factor per truck type for a sample of roads that are assumed to carry
similar truck traffic.

The accuracy of these “similar road” estimates is dependent on each state's ability to
define "similar” roads. Having roads that are truly alike

§  Reducesthe variability of truck characteristics between roads in each group,
§  Improvesthe state's ability to measure the true population mean for that group of roads, and
§  Reducesthe differences between the specific site in question and the true group mean.
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7.12 Design of a Continuous Data Collection Program for Vehicle Classification and Weight
The design of the long-term (i.e., continuous) data collection system for both vehicle
classification and truck weights (leading to damage factor estimates) relieson a
combination of both statistics and professional judgment. Few (if any) states have
sufficient amounts of vehicle classification or truck weight data to accurately describe
the true population of truck patternsfor al roadsin their state. Thus, some
professional judgment is needed to make the assumptions that drive the statistical
equations used by this methodology.

As described previously, both the vehicle classification and weigh-in-motion data
collection programs need to account for all four types of variation in truck travel
patterns. To eliminate errors from time-of-day variation, the recommended data
collection process uses 24-hour truck traffic counts and average daily damage factors.
In order to perform quality control checks, the authors recommend collecting data as
hourly volumes by vehicle classification and either individual vehicle weight records or
hourly summaries of vehicle volumes and weights. After the quality control checks,
these data should be aggregated into 24-hour totals (class data) or averages (damage
factors per vehicle class).

To account for both day-of-week and seasonal variation in vehicle classification and
truck weight data, the data collection program should have some sites that collect data
year-round (at least for afew years). Besides helping to determine the types of

seasonal and day-of-week patterns, these continuous stations provide the data necessary
for estimating the number of data collection counts required to provide annual
estimates at a given level of accuracy.

NuMBER OF CONTINUOUSLY oPERATING wim siTes Neepen: 1 @ NUMber of continuously operating
sites that are needed will vary from state to state, depending on the variability of
truck traffic and the accuracy with which the state wishes to estimate average
damage factors and other group statistics. The greater the variability of truck
patternsis within an agency (either seasonal or geographic), the greater isthe
number of sitesrequired. The more homogeneous the truck traffic is, the
smaller isthe number of continuously operating sites required.

Step 1 - Create Groups of Roads: The first step in determining the number of continuously
operating sites necessary for both vehicle classification and truck weight is to divide
the state into basic groups of roads that the DOT believes contain reasonably
homogeneous truck populations and patterns. (This must be done with professional
judgment, based on the information available to the state.) In Florida, road groups
were defined by both geography and functional classification. (Florida developed 18
groups. Four of these were individual interstate highways;, the remaining seven
geographic areas were split into principal and minor arterials.)

These groups of roads do not have to be the same for vehicle classification and truck
weights. That is, the state may aggregate roads into one set of groups for truck volume
patterns and a different set of groups for truck weights. Both of these groupings may
be different from the roadway groupings used to factor volume counts. (Note that the
same sites may be used, they are just grouped differently for classification than for
weights.)
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The more alike the roads are in a group, the fewer are the data collection points that
will be needed within that group to accurately estimate the mean population statistics
for that group. The more diverse the roads within each of those groups, the more data
collection points will be needed. At the same time, generally, when more groups are
present, more total sites are needed to measure mean values within agiven level of
precision. (The best rule of thumb for selecting groupsisthat if alarge group can be
divided into two or more smaller groups that have much lower internal variability the
large group should be split. Using statistics to determine whether two groups of sites
are statistically different is a good method of determining whether two groups of roads
should be aggregated together or |eft separate.)

Some states may have only one group (all roadsin the state). Other states may have a
large number of groups, needed to track anumber of different travel patterns. If
Estimates of truck weight variability are representative of the variability typically found
in the nation. Between 5 and 15 sites will be needed per group to develop mean
damage factors for each group to achieve a precision level of + 10 percent, 95 percent
of the time within that group.

Step 2 - Determine Homogeneity of Groups: Once the state has devel oped initial road groups,
it must determine whether the roads in the group really have similar travel patterns. To
do this, the state must examine the patterns observed in the available data. For
example, for truck weights, are the mean damage factors for 3S2 trucks (or single
trailer trucks) roughly the same? Plot the daily damage factors for these vehicles over
time and compare the plots for different sites within each group. If the travel patterns
observed in these plots are similar, then the groups are relatively homogenous. If they
are not, refine and retest the road groupings.

There are no statistical absolutes that dictate how “tight” a group must be (i.e., how
little variation between sites it must have). For damage factors per truck, it has been
recommended that users calcul ate the average annual damage factor for either the 352
(FHWA Class 9) or single trailer truck categories (FHWA Classes 8, 9, and 10
combined) for each site, and using this as the decision making variable. If other truck
classes cause a greater proportion of road damage for that group of roads, use that most
important vehicle class.

The average annual damage factor at each site must incorporate any differences that
exist between weekday and weekend loading rates, as well as variations throughout the
year. These values are most commonly developed by averaging ayear of data,
although samples of data from ayear can be used instead, with some loss of precision.
Once the average annual damage factor for each site has been computed, calculate the
mean and standard deviation of these values for all sites within each roadway group.
The standard deviation of this factor provides an initial measure of “how good” or

Step 3 - Determine the Number of Sites Required: These two values are a'so necessary for
determining the number of sites that are required for each group of roads to meet
desired levels of precision.
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The following equation is used to determine the number of sites required (2):

Equation 7.3

& * COVif
n=e ;7 U
€ d U
Where Alternatively, the equation can be written as:
— 2
n=[(2)(F)/ d]
Where:
n= Number of sitesrequired

Z = the Z-score associated with the desired level of confidence

t=  Student’'st statistic for n- degrees of freedom

= the standard deviation of the group damage factors
COV = coefficient of variation for the damage factor within the sample

= thedesired precision or allowable error expressed as afraction of the
mean damage factor

Use of thisequation isjustified by the Central Limit Theorem when the number of
sample sites selected exceeds 30. Thisformulawill require dlightly fewer sites than
Equation 7.3 to achieve agiven level of precision. However, if fewer than 30 sites are
used to calculate the coefficient of variation, the distribution of those sitesis often not
normally distributed, and the Z statistic does not accurately predict the distribution of
the population as awhole.

Thus, the greater the precision or the coefficient of variation of the damage factors that
is desired, the larger is the number of data collection points required.

Several significant assumptions are made when this formulaisused. These are
described below.

Assumption 1. The damage factors within each roadway group are normally distributed
about the mean value. If they are not normally distributed, this equation is
inappropriate.

assumption 2. The limited number of sites available for calculating the standard deviation
of the damage factor are representative of the population of roads incorporated in the
group. This second assumption causes the error associated with damage factor
calculations to be underestimated. Often, only two or three WIM sites exist in any one
roadway group. Asaresult, these sites must represent many roads that experience a
variety of truck travel characteristics. For example, if the two or three WIM sites
present have similar damage factors, the above equation will indicate that few sites are
needed to estimate the mean value. Error will result if some of the roads in the group
actually have much different damage factors. An exampleisthe Florida Panhandle
areadescribed earlier. If the site with adamage factor of 1.75 were not present, the
truck damage factors for the roads in the panhandle would appear to have very little
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variability. By adding this one specific station, the expected variability within the
Panhandle would increase dramatically, and the number of sites needed to estimate the
true mean damage factor would increase accordingly. The opposite type of error can
occur when most roads in a group have similar characteristics, but the roads selected
for weighing contain highly variable characteristics. In this case, the number of sites
needed will be over-estimated. Thistype of error often occurs with WIM data because
the cost of WIM data collection limits the geographic distribution that can be achieved
with the available resources. Because WIM data collection is limited, it is usualy
difficult to accurately determine these vaues.

Assumption 3:  The third assumption of Equation 7.3 isthat the damage factors used in the
calculation are the “true” mean damage factors for each site. That is, this equation
assumes that the damage factor used for each site has no error associated with it. (The
WIM device is assumed to have operated correctly for 365 consecutive days.)

However, if data are not available for an entire year, additional error is associated with
this eguation for which the statistical theory used to derive the equation does not
account. This additional error can not be easily calculated. 1f the damage factors from
each site are reasonably accurate and the estimates used contain no bias, this error is
small. However, if the datado contain bias, this error can be significant.

In the Florida WIM data analyses, Florida DOT determined that annual average
damage factors for sites with "heavy" seasonality can be estimated within + 10 percent
with 95 percent confidence (for a particular site) if four week-long WIM counts are
conducted during the year. These four counts should be spread equally throughout the
year. At sitesthat have moderate seasonality, thislevel of precision can be obtained
with two weeklong WIM counts. If there is no discernible seasonality, one weeklong
count is sufficient. These estimates need further testing in other states.

Assumption 4 The final assumption required to use Equation 7.3 is that the precision
being measured is actually the error associated with cal culating the mean for the
roadway group. However, when this estimate is applied to a specific site there are two
sources of error. Thefirst source of error isthe calculation of the mean value for the
group. (Thisisthevalue givenin Equation 7.3 as“d", given the above assumptions.)
However a second, much larger error is the error associated with applying a mean value
to a specific geographic location (i.e., the geographic variability).

The site at which the mean value is applied isreally only one of many sites within the
roadway group. This group of sites has a diverse group of damage factors. That group
of damage factors forms a distribution about the true mean for the group (an estimate of
which is calculated above). The actual damage factor for the site at which the mean is
applied can fall anywhere within that distribution. Without site specific information, its
location within the distribution can only be predicted as being within a given number of
standard deviations of the population mean. For example, the true value for the sitein
guestion will be within one standard deviation of the mean 68 percent of thetimeif the
group of roads has a normal distribution. The value of this standard deviation isthe
same as that used in Equation 7.3.
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The number of samples computed in Equation 7.3 has no impact on the precision of the
mean value as it is applied to an unsampled specific site. The lack of effect that sample
size has on the precision of the mean value at a specific point is aresult of the
geographic variation in truck patterns and the lack of site specific information, not the
size of the sample taken to predict the mean population value. The only way to
improve the precision of damage factor estimates at a specific siteisto collect WIM
data at that site. Data collected at the site in question have no geographic component

of variability (although they do have seasona and day of week variability).

NUMBER OF CONTINUOUSLY OPERATING VeHicLE CLassiFicaTion Sites Neeoeo: 1 NE Same process can be
repeated for vehicle classification estimates if the value predicted for vehicle
classification is amean for agroup of roads. Unfortunately, pavement
engineers rarely need the mean volume or mean percentage of trucks for a
group of roads. Instead they need the volume of trucks (or the percentage of
trucks) by vehicle class at a specific site. Asaresult, the mean volume for a
group of roads is considerably less useful than the mean daily damage factor per
truck for those roads.

In most cases, truck volume estimates are based on site specific or nearly site-specific
vehicle classification counts. This site specific counting is the most important aspect of
pavement loading estimation, because the volume and type of trucks at a site is much
more variable than the load per vehicle, and plays such an important rolein the
determination of total loading. (Sometimes these counts are too old and/or too far
away from the site being investigated, but that is a different problem.) Because these
counts are taken at the site in question (or at least close to the site in question) little or
no error is associated with the geographic component of variability. However, the use
of short duration counts to estimate average annual conditionsis still subject to errors
caused by seasonal and day-of-week fluctuations in truck volumes.

Thus, roads still need to be grouped to assist in estimating seasonal and day-of-week
truck volume fluctuations. Using average patterns obtained from road groups to adjust
site specific counts is one way to reduce the impact of seasonal and day-of-week
fluctuations, and improve the accuracy of annual traffic loading estimates. Because
truck volumes are normally more variable than damage factors per truck, alarger
number of continuously operating classifiersis generally needed than continuously
operating WIM scales.

As with the application of average damage factors per truck two sources of error are
associated with the application of average seasona and day-of-week adjustment
factors. Thefirst source of error is prediction of the average seasonal adjustment
factor. The second source of error is the difference between a specific site and the
mean of the group of roadsto which it is assigned.

Guidance for developing groups of roads, determining the number of data collection
sites that should be operated for each group of roads, and computing and applying
seasonal factors on the basis of these groups is provided below.
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The*“classic” process for determining the roads that should be grouped together and
then determining the accuracy of the specific adjustment factors devel oped for those
roadsis similar to that for truck damage factors described earlier in this document.

Step 1 - Calculate Seasonal and Day-of-Week Adjustment Patterns: Thefirst step isto calculate the
seasonal and day-of-week adjustment patterns for all sites within an agency that have
the appropriate data. (Sites to be used in this effort must have continuously operating
WIM or vehicle classifier equipment functioning for at least one year.) To simplify the
factor process, the day-of-week and seasonal adjustment patterns should be combined
into one factor. In Washington, a short count taken on aweekday isdivided by a
seasonal factor that is the ratio of Monthly Average Weekday Traffic (MAWDT) for
the month in which that count was taken divided by the Average Annual Daily Traffic
(AADT). A weekday is assumed to be any 24 consecutive hours of counting between
noon Monday and noon Friday. The math for this factoring processis shown in
Equation 7.4.

Equation 7.4:

AADT (by class) = 24-hour weekday short count
(MA WDT/AADT)

Where more than one weekday of datais available, the daily counts are averaged
before they are divided by the MAWDT / AADT ratio. Therefore, in Washington the
seasonal pattern to be computed in this early step are the 12 monthly ratios of MAWDT
/ AADT.

Step 2 - Create Groups of Roads: The next step isto use professional judgment to initially
estimate how roads in the state should be grouped so that each site within agroup
experiences relatively similar truck volume patterns. These road groups may be very
different from both the traditional volume seasonal factoring groups and the damage
factor groups discussed above. They may even vary for different classes of trucks.

As with the damage factor road groups, each state may divide itself into different road
groups on the basis of state specific criteria. The most common criteria used are
geographic location, functional classification of roadway, and some measure of
recreational activity. A measure of economic activity (e.g., farming area or a coal
mining area) may also be needed to describe the expected truck volume patterns.
However, the factors that are important in one state for differentiating truck volume
patterns may be very different from those that are important in another state.

Step 3 - Determine Homogeneity of the Groups: Using the seasonal/day-of-week patterns for
all available sites, it is possible to determine the acceptability of these initial road
groups by computing the mean and standard deviation of the monthly factors for each
month for each proposed group of roads. Performing these computations, will make
apparent the fact that variability of truck travel is much higher than automobile travel
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variability. The analyses performed with Washington data showed that peak season
adjustment factors for many truck types were routinely around 1.6 for the ratio of
MAWDT/AADT, with adjustment factors greater than 2.0 for highly variable sites.
For sites where volumes of trucks were low (e.g., sites with average daily volumes of
less than 50 vehiclesin a particular truck class) factors considerably larger than 2.0
were occasionally present. Similar adjustment factors for automobiles were rarely
higher than 1.3 or 1.4, with adjustment factors of 1.6 or 1.8 for extreme recreational
routes.

Since truck adjustment factors tend to be quite high (and sometimes quite variable from
year to year or from vehicle classto vehicle class), the standard deviation of the
monthly seasonal factors within the proposed road groupsis likely to be high. Thisis
true particularly in comparison to the standard deviation for automobile seasonal
factors. The higher isthe standard deviation of these factors, the greater is the number
of data collection sites needed to estimate the mean monthly factors for each group of
roads within agiven level of precision. (It isassumed that each of these sitesisa
permanent data collection device, collecting data year-round.)

Step 4 - Determine the Number of Sites Required: AS with truck damage factors, the number of
sampl e sites needed to compute the mean group factor can be computed with Equation
7.3.

The value for n in Equation 7.3 includes the WIM locations computed in the previous
section, as long as those sites collect vehicle classification data throughout the year.
When calculating the number of sites, note that each month of the year will have a
different mean and standard deviation for each road group. (That is, there will be 12
different means and standard deviations for each road group.) In addition, each vehicle
classification for which afactor is computed will have a separate set of 12 monthly
means and standard deviations.

To simplify the computational process, the sample size selected should be based on the
accuracy of the most important truck classification. Thisisusually singletrailer trucks
or FHWA Class 9 vehicles. In addition, it should be performed for either the worst
month of the year (so that the precision achieved for all monthsis at least as good as
the sample design indicates) or the most variable month for which traffic data are
routinely collected (3). For example, if no short duration traffic counts are taken in
December, January, or February because of snow, the variability of seasonal factors
during these months does not need to be considered when determining the appropriate
sample size for the factor group.

Precision of the seasonal factor versus precision of the factor’s application: AS with the damage
factor calculations presented earlier, Equation 7.3 only computes the precision of the
mean monthly factor for agroup. Thisisnot the same as the precision associated with
applying these factors to a specific site. Furthermore, the precision of applying a given
monthly factor to a specific site can be estimated using the standard deviation of the
factor for the group. That is, there is approximately a 90 percent chance that the true
adjustment factor lies within two standard deviations of the true mean adjustment
factor. Thiserror isnot impacted by the sample size used to compute the group mean
factor. Thisisthe primary reason why no "group factoring” approach to adjusting short
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duration truck volume estimates will achieve high levels of precision in the estimation
of truck AADTs when even moderate levels of variability are present within afactor
group. (Note that the accuracy of the annual estimatesis still improved by factoring.
The errors associated with these estimates are simply larger than commonly requested
for traffic volume counts.)

Adjust the factor groups as necessary: |f the standard deviation within afactor group is too
high to either alow use of a moderately low sample size for calculating mean group
factors, or produce the precision levels needed when applying those factors, some
adjustment of the road groups may be necessary. Aswith the truck damage factors,
the variahility of factors within groups can sometimes be decreased by defining more
groups. This process can decrease the number of sites needed to estimate each group
factor mean within a given level of precision and increase the precision of each of
those estimates when they are applied to specific sites. However, theincreasein the
number of groups usually requires a corresponding increase in the number of sites
needed because group factors are needed for more groups. (For example, with six
factor groups, an average of 10 sites per group (for atotal of 60 sites) might be needed
to achieve a specific level of precision. By redefining roadsinto eight groups, the
lower variability might allow the same level of precision with an average of eight sites
per group. However, 64 sites would be required for the state.)

When factor groups are devel oped, states should look critically at their initial
assumptions of traffic patterns. Both Washington and Florida were occasionally
surprised at the truck patterns observed in their data. In many casesincreasesin
precision (and decreases in the regquired sample sizes) can be obtained by ssimply
reassigning some roads from one factor group to another, rather than by redefining the
entire factor group.

However, the groups selected must include some type of explanatory mechanism or
roadway characteristic that defines the group. Without a good explanatory mechanism,
the assignment of short counts to factor groups becomes too subjective; leading to
significant bias errors.

Seasonal factors decrease bias even for groups with high variability: Guidance on how “tight” a
factor group should be can also be obtained by examining the value of the mean factor
being computed. If the mean factor (assumed to be MAWDT/AADT) for avehicle
class for amonth is 1.6, this represents a 60 percent adjustment to the short count to
estimate AADT. Thisadjustment is extremely large, and thus even if the adjustment is
inexact, a significant improvement in the accuracy of the annual estimate will result
from its application.

For example, if the standard deviation of the mean factor is 0.15, thereis a 90 percent
chance that the true adjustment factor at any specific site will lie between 1.3 and 1.9.
If we assume that the actual adjustment for the sitein question is at the extreme for this
range (1.9), the application of the factor of 1.6 still reduces the error of the annual
travel estimate considerably. Thisisillustrated below.

Short count = 100 vehicles per day
Estimated Seasonal Factor = 1.6
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Actual AADT =52

Actual Seasonal Factor = (100/52) = 1.9

Estimated AADT Using Short Count and Estimated Factor = 100/ 1.6 = 62.5 = 62
Error Without Factoring = (100 - 52) / 52 = 92 percent

Error After Factoring = (62 - 52) / 52 = 19 percent

Thus, while factoring with an imprecise group mean may still leave a considerable
error, when the factors applied are large, the resulting annual estimates are till
considerably more accurate after factoring than before.

In addition, the estimated AADT will be unbiased. That is, some AADT estimates
(after factoring) will be dightly greater than the true AADT and some will be smaller
than the true AADT. If factors are not applied, most truck AADT estimates for sites
within agroup will be on one side of the true estimate. (For example, in Washington,
weekday counts of combination and double trailer trucks during almost any month of
the year at almost any site over-estimate the AADT for those vehicle types.

In the Washington analyses, it was not possible to develop truck factor groups that
routinely produced estimates of truck volume AADTs within + 10 percent 95 percent
of thetime. When factor groups were devel oped with the above techniques, the AADT
estimates significantly improved; however, the high level of variability in the truck
volumes prevented the researchers from reaching the desired levels of precision.

7.13 Other Issues

DistrisuTion oF Counts Within a Grour: - ONE question that is unanswered by the previous
discussionsis how to distribute counts between sites within agroup of roads. A variety
of techniques are available for thistask. From a statistical standpoint, the best method
for distributing the count locations is to use a random sample.

Because WIM data collection requires good pavement conditions (smooth pavement,
no horizontal or vertical curves, etc.), the number of locations at which WIM can be
installed will be limited. 1t is appropriate to select randomly among these potential
locations.

The problem with truly random distribution of a small number of sites within agroup
of roadsisthat such adistribution may not account for the geographic diversity within
agroup. Thatis, if the“group” isthe entire state, and all of the count locations are in
the southern end of the state, no data will indicate whether the northern end of the state
experiences different truck traffic conditions. Thislack of diversity in the selection of
sites can aso apply to other stratifications (e.g., functional class, and volume of road).
The limited number of continuously operating WIM and vehicle classification counters
and thusthe lack of diversity in the sample makes it very easy to create.

Therefore, it is acceptable for the state to use some professiona judgment in selecting
data collection sites so that sites within a group are distributed roughly in proportion to
the presence of roads that contain a particular characteristic within afactor group. For
example, if 40 percent of truck VMT isin the northern half of the state, roughly 40
percent of the WIM sites should be in the north. However, caution must be exercised
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when deviating from random site selection, because subjective selection of data
collection sites can also bias the data being collected (for example, towards the truck
characteristics experienced on high volume truck routes, and away from lower volume
routes).

A careful mix of random site selection mixed with prudent professional oversight will
help ensure that states are able to detect the types of travel patternsthat exist. A good
rule to use when either distributing sites or checking the distribution of existing sites, is
that sites should be located in rough proportion to their contribution to truck VMT in
the state. That is, if interstates are responsible for 50 percent of truck VMT they should
have roughly 50 percent of the sites being distributed. This same philosophy can be
extended towards geographic areas (asillustrated above), or other stratifications of
interest to the state.

Axce Correction Factors: T he Washington vehicle classification analysis found that axle
correction factors are highly variable from site to site, as well as from month to month.
Weekday and weekend axle correction factors also differ significantly.

In generdl, at all sites, the axle correction factor measured for weekdays was higher
than that measured on weekends. In addition, the difference in axle correction factors
among sites was more significant than the difference between axle correction factors
from one month to the next. However, the difference in axle correction factors
between weekdays and weekends was often as large the difference among sites.

A single-axle correction factor for all seven days predicts too many trucks operating
during the weekends and not enough during the weekdays. This prediction resultsin
the underestimation of vehicles on the weekend and the overestimation of vehicles on
the weekdays. To avoid these problems, the states should use axle correction factors
that are consistent with the axle counts being factored. For example, only datafrom
weekdays from a continuously operating vehicle classification counter should be used
to compute axle correction factors that will be applied to weekday counts.

Nuwmser oF VericLe Cuasses Tat Svouto Be Usen: [N MOSt cases, aggregated vehicle classifications
should be used to develop seasonal factors. The analysis of Washington classification
data showed that several of the FHWA vehicle classifications contained such a small
percentage of vehicles, that for moderate and lower volume roads, the volume patterns
for these classes often became unstable. (That is, small changesin volumes within
some classes caused extreme changes in seasonal, temporal, and day-of-week patterns.
This made it difficult to determine consistent travel patterns within these vehicle
classes.)

The authors of the Washington report conclude that from four to six vehicle classes
should be used for seasonal factor development for moderate and lower volume roads.
Use of asmaller number of vehicle classifications results in some loss of precision (i.e.,
it is not possible to distinguish how travel patterns for two FHWA classes that fit
within asingle aggregated class differ), but results in a more stable set of adjustment
factors. Thisresultsin abetter estimation of loading patterns and therefore total loads.
Many states maintain equipment that can classify vehicles by total length using two
induction loops (for example, speed monitoring equipment). While total length does
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not provide a precise measure for differentiating vehicles by class, it does alow states
to develop a reasonabl e picture of the volume of vehiclesin the basic categories of
passenger cars, small commercial trucks, single trailer trucks, and multi-trailer trucks.
For many pavement analyses these categories are sufficient. Table 7.5 illustrates the
bounds used for length categories used by Washington and |daho.

Table 7.5 Washington and Idaho Vehicle Length Classifications

Minimum Maximum
State Length Length
Bin 1 Washington <26 feet
Idaho <20 feet
Bin 2 Washington 26 feet 39 feet
Idaho 20 feet 40 feet
Bin 3 Washington 39 feet 65 feet
Idaho 40 feet 70 feet
Bin 4 Washington 65 feet 115 feet
Idaho 40 feet 148 feet

Besides the loss of precision, the primary disadvantages of using the vehicle length
classes are the facts that FHWA vehicle classification categories do not fit cleanly into
vehicle length categories. Also, statestend to use different length classification
boundaries; making it more difficult to compare travel patterns and trends between
states (4).

The exceptions to this recommendation are high volume interstate and principal arteria
routes, where sufficient volumes are present within each of the FHWA categories to
calculate stable adjustment factors for al 13 FHWA classifications.

Comsinine Group Means To Ostam Statewioe Estmates: T he methodol ogies described above develop
mean estimates of various attributes for each group of roads defined by an agency. An
agency may be interested in determining the statewide mean damage factor per truck or
mean damage factor for each truck type. Unless the state uses a single truck weight
factor group for the entire state, this value must be obtained by combining the damage
factors from each group. (If the state uses a single group of roads as its sample basis,
that one group mean is the mean for the state.)

Where more than one group exists, two alternative approaches can be used to estimate
the statewide average. The better of these two techniques weighs the mean damage
factor from each group of roads by the proportion of statewide truck travel that occurs
within that group. To compute this statewide mean, analysts must know the annual
vehicle miles of travel for trucks within each group of roads; these estimates can be
used to weight the damage factors from each group. This computation can be
expressed as shown in Equation 7.5.
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Equation 7.5:
BFi * VMTig
SDF = ng7+
0¢c "WMTj -
& 0 &
Where:

SDF =  the statewide mean damage factor,
VMT; = theVMT for that truck classin regioni,
Df,= thedamage factor for that truck classfor region 1, and

n= thenumber of regionsin the state.

This approach assumes that all roads in a group have statistically similar damage
factors and then weights the group means on the basis of their contribution to statewide
travel. Itismost accurately applied when truck VMT is known for individua classes
of trucks so that the statewide mean damage factors can be computed separately for
each truck class.

When VMT by factor group is not available, the second aggregation techniqueis to
compute the average daily damage factor for each weigh station in the state. Thisis
then calculated using a straight average of those values or the average of the damage
factors by using aweighting factor equal to the proportion of average daily volume (by
truck class) at each site divided by the total volume for that classfor al sites combined.

The straight average assumes that the selected WIM sites are equally
representative of statewide travel, regardless of volume. (That is, it assumes
that the volume of trucks on aroad is not a good estimate of how
“representative” that site is of damage factors within the state.) The weighted
average assumes that “atruck isatruck,” regardless of whereit isweighed

and that each truck weighed should be treated equally. Insufficient informationis
available to prove or disprove any of these assumptions.

7.14 Cost Estimate

The coststo establish atraffic file with thislevel of truck monitoring detail are
substantial. The work by Mark Hallenbeck was based on traffic studies
conducted in Florida and Washington. Washington State DOT has about
10,000 centerline kilometers of roadway in their highway system. Regarding
size and highway use Washington State comes very close to representing the
Average State with an equal number of States being larger and smaller than
Washington State. In Washington State' s Data Rationalization Study, the
number of Weight Sites was estimated based on the risk of not having the
necessary truck-loading estimate (ESALS) for pavement design. Considering
the variability in truck load movement across the State highway network it was
determined that the DOT should have approximately 21 truck weighing sites
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distributed across the full range of functional class highways. In addition, there
were approximately 60 permanent automatic vehicle classification (AVC) sites

already in place. The number of AV C was judged reasonable, but they needed

to be better distributed across the full range of functional class highways.

The WIM system was put in place throughout out the highway system and
additional AV Cs were added to those functional classes where they were
deficient. The WIM system consisted of 19 Piezo Cable and 3 Bending Plate
units. The bending plate units were installed in Portland Cement Concrete
Pavements on the Interstate Highways. The Piezo Cable Units were installed
on the Principal and Secondary Highways

The total cost of installing this WIM System was approximately $1,000,000.
The cost to operate and maintain this system is about $750,000 annually. This
operational cost includes funding for a staff of 12 people to repair, calibrate,
and maintain the system, as well as collecting and analyzing the data. It also
includes the cost to replace WIM equipment as it fails, and to repair the
pavement as needed to provide smooth approaches to the WIM scales. The
system also included sensors for two lanes of traffic. Theinitial and annual
costs could be reduced about 25% if only one lane was monitored.

Thetotal cost for maintaining a permanent AV C system isin the same general
range. The AVC system isless expensive and a lot more durable but there are
about three times as many sites to operate and maintain. However, the
permanent AV C system plus afairly active portable AVC system is required to
maintain the basic Agency Traffic File, so it is usually aready in place in most
State Highway Traffic Monitoring Systems.

The FHWA Traffic Monitoring Guide requires both the vehicles counting
systems and the truck weighing systems. However, the current FHWA Traffic
Monitoring Guide calls for alittle less truck weighing than that indicated by the
Truck Loads and Flows Study, however isin the process of being revised and
the new Guide will undoubtedly provide more detailed guidance in line with the
results of this study.

7.15 Summary

The information in this module has focused exclusively on how to obtain accurate
traffic data. In particular, the difficulties and challenges in obtaining such data have
been discussed. In most PMS, traffic data used in performance prediction models or as
inventory data or for project level analysis, is obtained with little or no information on
how it was generated. This module seeks to educate and inform the participant on the
need for accurate data.
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PERFORMANCE MODELS

8.1 Module Objectives

This module introduces the use of pavement performance models to predict future
pavement conditions for the highway network as part of the agency’ s pavement
management activities. The types of models normally used at the network and project
level are introduced and examples of the principal approaches are provided.
Guidelines on determining the reliability of the performance models and update
requirements are also provided. Upon completion of this module, the participant will
be able to accomplish the following:

§ Understand the use of performance modelsin pavement management.

§ Identify the common modeling approaches used to develop models for pavement
management.

§ Understand methods for evaluating the reliability of the pavement performance models.
§ Describe the requirements for updating the models over time.

8.2 Overview of Performance Modeling

Transportation agencies responsible for the preservation of a highway network commit
large portions of their budgets toward the collection of monitoring data that represent
the current condition of its pavements. One of the primary motivations for this
expenditure is to objectively identify historical performance trends so the information
can be used in planning the maintenance and rehabilitation of the pavement network.

Traditionally, pavement performance has referred to the serviceability-performance
concepts defined by Carey-Irick (13) which represent performance as the variation or
history of pavement serviceability with time. Since that time, the term performance has
been used loosely by individuas in the pavement management field. Asaresult, it has
become common practice among practitioners and researchers to use terms such as
deterioration to represent the change in pavement performance over time. For the
purpose of this course, the term performance models will be used to represent the
pavement deterioration patterns that are model ed.

Pavement performance models vary depending on the type of performance that is being
modeled. For example, pavement condition can be defined in terms of measured
guantities of distress or a subjective rating based on a visual assessment of the overall
condition of a pavement section. Individual distress quantities may be used to drive
maintenance and/or rehabilitation activities, or the information may be combined to
calculate a condition index. Performance models could be developed for each
individua distress mechanism or for the condition index, depending on the decision
process within the agency.

A number of different modeling techniques can aso be used depending on the use of
models within the agency. For example, an agency may want to predict future
pavement condition as a function of traffic levels (in terms of equivalent single axle
loads (ESALS)) or pavement age. Another agency may require more complex models
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that predict pavement condition as afunction of traffic levels, material properties, and
climatic influences. This modeling approach would require significantly more detailed
data than the previous example. The data requirement would directly impact the
resource requirements for collecting and maintaining the data.

Uses or Perrormance MopeLine v Pavement Manacevent: Pavement management is dependent on the
quality of the information contained in its database, which includes both inventory and
monitoring information. The database aone, however, is of little use without
mathematical expressions, or models, to predict future pavement condition. Pavement
performance models are an important component of a multi-year analysis for the types
of activities listed below.

Estimating the type and timing of maintenance and/or rehabilitation as part of a multi-year
improvement program.

Predicting the length of time until alower limit of acceptable pavement condition is reached
(sometimes referred to as the remaining service life).

Optimizing the combination of projects, treatments, and timing to achieve agency goals.
Evaluating the long-term impacts of various program scenarios.

Providing a feedback loop to the pavement design process.

Estimating pavement life-cycle costs.

Performance models are used differently at the network and project levelswithin a
pavement management system. At the network level, performance models are
primarily used for the functions listed above. For these types of decisions, models are
typically based on changes in performance measures such as roughness or distress from
representative samples of the pavement network. As aresult, these models should be
considered estimates of the deterioration trends of the network. In addition to
providing a summary of changesin performance measures for network-level analyses,
the models can be used to summarize the impacts of different maintenance and
rehabilitation strategies in terms of overall network condition, the percent of the
network in various condition categories at some point in time, or some other
representation.

Project-level models are generally more detailed than network-level models. These
models are used in the analysis of specific pavement designs and in the life-cycle cost
analysis of different design approaches.

Theway amodel will be used influences the selection of model type. The most
common approaches used at the network level include deterministic and probabilistic
models (Lytton 1987). The deterministic models include those used for predicting
primary response, structural, function, and damage performance of pavements. The
probabilistic modelsinclude survivor curves, Markov, and semi-Markov transition
processes. In most instances, deterministic models use regression analysisto predict a
single value of something (such as condition) from one or more variables (such as age
or traffic). Probabilistic models, on the other hand, predict arange of values of
something (such as condition). Probabilistic models are based on probability transition
matrices that estimate the likelihood of pavement sections changing from one condition
state to another.
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The different uses of these models in transportation agencies have been summarized
based on work by Lytton (14). Table 8.1 summarizes the principal types of models
used by transportation agencies at different levels within the organizations.

Table 8.1 Types of models used at different levels within a transportation agency.

Types of Performance M odels

Deterministic Probabilistic
Primary Structural Functional Damage Survivor Transition Process Models
Response Curves
Deflection Distress PSI Load Markov Semi-
Stress Pavement Safety Equiv. Markov
Strain Condition
National O a g g
Level
State or O O O a g g
District
Level
Project O O O g
Level

As shown in the table, higher levels of management are more interested in the
probabilistic models and other models that predict composite indexes of the pavement
condition for the network. At the national level, performance models are used
primarily for policy and economic matters, especially with respect to the allocation of
funds. At the state, province, or district level, there isless concern about the
performance of individual pavement sections and more of afocus on the overall
condition of the pavement network for the entire state (or province) or a subset of the
network (such as adistrict). These models are important for estimating current and
future funding needs and identifying priorities among agency-wide maintenance and
rehabilitation needs. At the project level, the focusis on the performance of particular
pavement sections or design approaches. At thislevel, more detailed information is
usually available for model development.

The IwporTance o Accurate MopeLne n PMS:  Because of the importance of performance models
at the network- and project-level, the models must reflect the best possible
representation of the pavement deterioration. The following exampleis provided to
illustrate the effects of poor models on network-level decision-making. Inthis
example, the agency normally triggers rehabilitation for pavement sections with an
overall condition index of 60. Thetiming of rehabilitation for each pavement section is
dependent on the accuracy of the performance model, as shownin Figure 8.1. Inthis
instance, an inaccurate performance model could have a significant impact on the
projects identified for the multi-year improvement program and the timing at which
each project isrecommended. It also impacts the life-cycle cost analysis results used in
either a network- or project-level analysis.
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Figure 8.1 Impact of performance models on multi-year analysis recommendations.
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Obvioudly, this example was kept very simple to illustrate the importance of quality
datain the development of performance models. The degree of accuracy required isa
function of the intended use for the models. In general, network level models are less
specific than project level models, so the accuracy of these modelsis expected to be
less.

Each of these factors will be discussed in more detail later in this module.

8.3 Performance Model Development

As discussed in the previous section, the development of performance modelsisa
critical component of a multi-year analysis within a pavement management system
because all system recommendations and economic analyses are based on the projected
condition levels. There are four basic criteriathat should be followed to develop
reliable performance models at any level within the transportation agency (8). These
include the following items.

An adequate database.

Theinclusion of al significant variables that affect performance.

An adequate functional form of the model.

The satisfaction of the statistical criteria concerning the precision of the model.

Further, the literature emphasi zes the importance of understanding the principles
behind each of the models so that the proper model type and form can be selected. Itis
important that the data needed to devel op the model be available and continue to be
updated as changes occur. Finaly, it isimperative that the limitations of each model be
understood so that after the models are devel oped, they not be used outside the range of
their intended use.

This section of the module discusses the different approaches used in the development
of performance models and the data requirements for each of the approaches. It aso
discusses significant factors that must be considered during the development of the
models.
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Approaches To Mobel DeveLopvent: T here are a number of different approaches by which
performance models can be developed, as shown earlier in Table 8.1. These models
are classified into two distinct categories. deterministic and probabilistic.
Deterministic models predict a single number for the life of a pavement or its level of
distress (or some other measure of condition). Deterministic models can be primary
response, structural performance, functional performance, or damage models.
Probabilistic models predict a distribution of events based on the likelihood of
occurrence for each event. Probabilistic models include survivor curves, and Markov
or semi-Markov process models.

For operationa purposes, these models have been further defined as shown below (13).

Purely mechanistic, based on some primary response (behavior) parameters such as stress,
strain, or deflection.

Mechanistic-empirical, where a response parameter is related to measured structural or
functional deterioration, such as distress or roughness, through regression equations.

Regression, where the dependent variable of observed or measured structural or functional
deterioration is related to one or more independent variables like subgrade strength, axle
load applications, pavement layer thicknesses and properties, environmental factors, and
their interactions.

Subjective, where experience is captured in aformalized or structured way, using transition
process models, for example, to develop deterioration prediction models.

To date, no purely mechanistic performance models have been developed. Thisis
because pure mechanistic approaches are only applicable to calculating pavement
response in terms of mechanisms such as stress, strain, or deflection. These pavement
responses are normally caused by forces created by traffic, climate, or a combination of
the two. Pure mechanistic models for calculating stress and strain are not classified as
performance prediction models, however, the calculated stress and strain attributes
could be used as the input for an empirical prediction model.

A prediction model that is devel oped using regression with pavement response as the
dependent variable is called a mechanistic-empirical model (12). These models
incorporate elements of both the mechanistic models (based on fundamental principles
of pavement behavior under load) and empirical models (based on the results of
experiments or experience). An example of this type of model is provided for
predicting asphalt pavement fatigue life (N) (12).

N=A* (le®
Where N = asphalt pavement fatigue life
A, B = coefficients
e = the strain produced by wheel loadings

In this example, the strain is cal culated mechanistically and the coefficients are
determined through aregression analysis.

Regression analysisiswidely used by state highway agencies for performance model
development. This approach is primarily used in agencies with an historical database
available. The State of Washington has used regression to develop its performance
models, asillustrated in the examples at the end of the module.
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The last approach listed, using subjective experience, is another way of developing
preliminary performance models in agencies where an historical database has not been
established or where insufficient information is available for certain pavement designs.
This approach can be used regardiess of whether deterministic or probabilistic models
are desired.

Data Requirenents: Data regquirements for performance models vary depending on the type
of model being developed. At the most basic level, inventory and monitoring
information are used to develop the models. Inventory datainclude any network
information that do not change with time or traffic, such as geographic location or
section length. Monitoring data are influenced by time and traffic and are most
commonly used as the dependent variables in devel oping performance models.
Examples of monitoring data include pavement condition, cracking quantities, average
annual daily traffic (AADT) levels, and so on.

A summary of the types of data used for each of the predominant modeling approaches
is presented in the literature (2). Table 8.2 was developed based on the earlier work of
Lytton to summarize the use of inventory and monitoring information in model
development. It should be noted that not all the data elements listed are required to
develop models. In some cases, models can be devel oped with little more than
pavement surface type and age data. However, the reliability of the modelsis generally
improved when additional variables that influence pavement performance are
considered.

Most agenciesrely on historical databases comprised of field measurements and
observations of each data type that have been collected for a number of years. There
are some agencies that may not have established historical databases, or agencies that
have modified their methods for monitoring pavement conditions, and do not have a
sufficient amount of historical data available for model development. Agencies faced
with this situation often wait until sufficient levels of data are available before
developing models. Asaresult, they are not able to conduct a multi-year analysis. In
recent years, anumber of agencies have been able to develop preliminary models that
can be used for amulti-year analysis based on input from experienced practitioners
within the agency (4,11,20). These models, referred to as expert models, are based on
the pavement performance observations made by experienced highway personnel
involved in the design, construction, and maintenance of the agency’ s pavements. As
an historical database is established, the expert models are supplemented with actual
field data until a sufficient level of field datais available from which updated models
can be developed.
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Table 8.2 Summary of data used to develop different types of performance models.

Data Requirements Deter ministic Probabilistic
(Markovian)
Inventory Data
Pavement Structure Required Required
Joint Features Useful Useful
Drainage Useful Useful
Characteristics
Age Required Required
Prior Condition/Traffic Required Required
Environmental/Climatic Useful Useful
Material Properties Useful Useful
Monitoring Data
Distress Required Required
Traffic Required (may bein Required (may bein
traffic categories rather traffic categories
than exact counts) rather than exact
counts)
Deflection Useful, if available Useful, if available
Profile Useful, if available Useful, if available
Maintenance History Useful, if available Not required
Condition Index Required Required

The specifications for the data requirements also vary depending on whether the
models will be used at the network or project level. At the project level, very specific
project information is often available, such as the condition history, the results of a
distress survey, the age of the pavement, the length of time since the last rehabilitation
action was applied, the pavement structure, and the traffic levels.

On anetwork level, the same types of specific information may not be available for
model development. The network level models are further complicated by what is
referred to as the on-the-diagonal problem, which isillustrated in Figure 8.2 (14). This
issue arises from the attempt to model network-level pavement performance data for
designed pavement structures. This phenomenon makes it difficult to observe
differences in pavement performance at the network level due to factors such astraffic,
material variances, and climatic conditions because most of these factors are accounted
for in the design of the pavement structure through design programs. Asaresult, if an
agency sought to model the effect of traffic on pavement performance, thisis difficult
to do without also looking at pavement thickness because the thickness is a related
factor that is affected by the anticipated level of traffic. Without considering thickness
datain the models, pavements with equal design periods would show little variation in
condition with traffic alone.
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Figure 8.2 On the Diagonal performance issue that must be considered in the development of network-level
models (14).
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SieniFicanT FacTors in Mooe Devetopvent: |t has previously been emphasized that pavement
performance models are a critically important component of a pavement management
system so that a multi-year analysis can be conducted and future conditions considered.
This module has already discussed the basic criteriato use in developing models: an
adequate database, the inclusion of all variables that significantly impact pavement
performance, an adequate functional form, and amodel that meets the proper statistical
criteriafor precision and accuracy (8). There are other factors that must be accounted
for in the devel opment of pavement performance models (2). These factorsinclude the
following items.

An understanding of the principles underlying each type of model.

The selection of the appropriate model form.

The role of statistics and mechanics in devel oping an appropriate model.
The identification of the data needed for a specific model.

The modification of the models to represent the effects of maintenance.
The limitations and uses of the different types of models.

The principles underlying each of the main types of performance models are discussed
in the next sections of this module along with guidance on the selection of an
appropriate model form. The functional form of the model, or the way in which the
variables are arranged, can only be determined through consideration of the actual
relationships between the variables and the trends from the data on plots. Severa
examples of deterministic model forms are illustrated in Figure 8.3. The selection of
the appropriate model form can not be left to the computer. Rather, it isimportant that
the individual developing the model understand the relationships between the variables
being considered.
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Figure 8.3 Deterministic model forms.
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Statistics plays an important role in ng the precision of a pavement performance
model. As discussed previoudly, the individual developing the model must use
judgment to determine the form of the model being developed. The data are then
plotted and examined to verify or modify the initial selection. Statistics should not be
used to select amodel form unless al forms being considered adhere to the boundary
conditions and other physical principles that govern the variable being model ed.
Statistics do play an important role in evaluating the following items.

The overall test for goodness of fit of the model.
A test for the specific coefficients used in the model.

Statistical tests used to evaluate either of these factors, such as the coefficient of
determination (R?), can only test the precision of the data used to develop the model.
Remember, both good and bad quality data may result in a good statistical fit for the
model. If the data do not represent the actual conditionsin the field, a model with high
levels of precision will not accurately model future performance.

The issue of datawas discussed previoudly. In order to develop reliable performance
modelsit isimportant that a sufficient amount of data be included in the model
development and that the data be measured accurately and without bias. The data must
be representative of the pavements for which the model is being developed. Itisalso
important that the data be maintained over time so that the models continue to reflect
the actual pavement performance trends. For that reason, the amount of the data must
be considered from a practical point of view to ensure that the agency can collect and
maintain the data within any cost and time constraints.

Finally, it isimportant that the models be used appropriately, so the limitations of each
model must be considered. Thisrelates directly to the selection of the appropriate form
of the equation so that all physical and mathematical boundary conditions are satisfied.

8.4 Deterministic Performance Models

Deterministic models are one of the most common types of models used for amulti-
year pavement management analysis. Deterministic models predict a single number
based on its relationship with one or more variables. These models may be either
empirical (based on data from in-service pavements or from full-scale tests) or
mechanistic-empirical (usually mechanistic models that use empirical field data)
correlations that are calibrated using regression techniques that statistically develop
relationships between two or more variables. In a pavement performance model, some
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type of condition (such as an overall condition index or distress quantity) is modeled as
afunction of variables such as pavement age, traffic, environment, pavement
construction characteristics, and maintenance and rehabilitation actions.

Recression AnaLvsis: Regression analysisis a statistical tool used to establish the
relationship between two or more variables. Models devel oped through aregression
analysis can be either linear or non-linear, depending on whether or not the relationship
among the variables can be defined in terms of astraight line. Regression is one of the
most widely used and powerful analysis techniques available for constructing pavement
performance models.

The simplest model form is linear regression between two variables. In alinear
regression, the relationship is expressed in terms of the following equation.

Y =a+bX
where Y = the dependent variable

X = the independent variable
a, b - regression parameters

If more than one variable is used to predict the dependent variable (YY), the equation
takes the form shown in the next equation. Thistype of linear regression analysisis
known as multiple linear regression.

Y =&+ aXtaXt . .. aX,

A nonlinear regression is used when the relationship between the dependent and
independent variablesisnot linear. In these instances, polynomial regression is used
frequently, resulting in amodel that has the form shown below.

Y =g+ aX+aX?+ ... aX"

In polynomial regression, the number of curvesin the regression lineis egqual to one
less than the degree of the polynomial. In some cases, polynomial regression equations
are constrained so that the curve can not increase over time. The common S-shaped
deterioration curve isaresult of a polynomia regression.

The relationships between the independent and dependent variables are rarely exact.
The best equations to use to predict the value of Y from some value of X is one that
minimizes the differences between the regression line (or curve) and the actual data
(14). Theterm least squares fit comes from the minimization of the squared
differences between the actual data points and their corresponding points on the fitted
line (or curve). Polynomial least squares models are a popular approach for predicting
the change in the dependent variable as afunction of the independent variable(s).

To judge how well an equation fits the actual data, there are anumber of parameters
that can be used. These include the coefficient of determination (R?) which explains
how much of the total variation in the data is explained by the regression equation (or
curve) and the root mean sgquare error (RM SE) which is the standard deviation of the
predicted Y values for a specific value of X. Hypothesistests on regression constants
which are generally based on the t-statistic are a so used.
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Famy Mooers: Because of the large number of variablesthat can be involved in a
regression analysis, techniques have been developed to simplify the process (22,19).
These techniques involve grouping pavements into families that have common
characteristics such as surface type, functional classification, traffic levels, and
geographic location. This approach is based on the assumption that each pavement
section within afamily has asimilar deterioration pattern. The pavement performance
model developed for the family represents the average deterioration pattern for al
sectionsincluded in that family.

When families of pavement sections with similar characteristics are devel oped, the
regression analysis need only analyze pavement condition in terms of age, greatly
reducing the number of variablesin the regression equation. The use of variables such
as pavement type, traffic, and pavement use is roughly equivaent to including three
additional variablesinto the development of the model (19). An additional variable,
climate, isimplicitly included if pavement families are also defined based on individual
geographic locations.

The family approach has been used successfully by agencies with databases that do not
have the type of data necessary for more involved model development, or can not
collect some types of dataon aregular interval as needed to support more sophisticated
models over time. For example, agencies that do not have exact traffic counts for their
roadways would find it difficult to include equivalent single axle loads (ESALS) as one
variablein the regression analysis. By using family classifications, pavements with
similar ESAL characteristics, without knowing exact traffic numbers, can be grouped
together for performance modeling purposes.

Since the family performance model is representative of the average deterioration
pattern of al the sections in the family, the deterioration pattern of each individual
section can be expected to vary dlightly. Typically, the predicted performance of each
section is defined in terms of the section’s position relative to the family prediction
curve. Inthese cases, it isassumed that the deterioration of al the pavement sectionsin
afamily issimilar and is afunction of only present condition, regardless of age (12).
As aresult, the condition of an individual section is determined by shifting the family
curve to intersect the condition point for the section. This shift isaways kept parallel
to the family prediction curve, as shown in Figure 8.4.
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Figure 8.4 This figure illustrates the shifting of a family performance model for predicting the condition of an
individual section.
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Aovantaces/Disapvantaces: Deterministic models using regression analysis are common in
agencies seeking network-level models for amulti-year pavement management analysis
such as multi-year prioritization. These models are popular because they are fairly easy
to develop and interpret and can be devel oped with commonly available statistical
analysis packages. Deterministic models can aso be devel oped with any number of
variables and a number of different model forms. The family modeling approach
provides away for regression to be used for model development without the direct use
of certain variables in the model equation.

There are aso limitations that must be understood in the use of deterministic models
developed through regression analysis. In general, these models do not explicitly deal
with errorsin the data or the functional form of the model. In addition, it can be
difficult to measure many of the relevant independent variables, such as construction
quality or maintenance effort (7).

8.5 Probabilistic Performance Models

Another common approach used to develop pavement performance modelsis the use of
probabilistic models that predict arange of condition values rather than asingle value
of condition. Probabilistic modelsinclude survivor curves and Markov process
models. Survivor curves represent the percentage of pavements that remain in service
asafunction of time (7). They are useful for determining the service lives of various
maintenance and rehabilitation activities at the network level. Markovian theory is
founded on the assumption that the probability that a pavement will change from one
condition state to another is only dependent on its current state. In a pavement
management application, this assumption means that a pavement segment’ s current
condition is only dependent on its preceding prior condition and that the next year
condition of a pavement segment is only dependent on its current year condition.
Markov-based models are frequently used as a means of incorporating uncertainty into
the prediction of future pavement condition for pavement management analyses.
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Markov Process Mooers: Markov process models are devel oped from estimates of the
probability that that pavements in a given condition state will either stay in the same
condition state or move to another condition state. The probability of each of these
eventsis estimated based on historical field data or the experience of agency personnel.
This concept isillustrated in Figure 8.5 (from Ref. 2).

Asshown in Figure 8.5, thereisa 1 in 10 probability that the condition of a pavement
section with a condition rating of 70 will be either 70, 69, or 66 in the next year.
Similarly, thereisa 3 in 10 chance that the condition rating will be 67 and a4in 10
chance that the condition rating will be 68. The probabilities of each event are referred
to as transition probabilities which represent the likelihood of a pavement section
transitioning from one condition state to another. The Markov assumption implies that
the next year's condition is independent of how the pavement acquired the current

2).

Figure 8.5 The probability of change in the condition of a pavement section.

Current Y ear Next Year's
Condition Condition
Probability = 1/10 70
Probability = 1/10 69
0 Probability = 4/10 68
Probability = 3/10 67
Probability = 1/10 66

In order to develop Markov models, condition states must be defined for each
pavement category (similar to a pavement family). The technique is based on
determining the probabilities associated with pavements in a given condition state, by
either starting in that state or deteriorating to the next state after one cycle. A cycle
may be a 1-year period, or any other length of time, and is representative of afixed
period of climatic effects or traffic loadings or some other similar measure.

The condition states and the transition probabilities between states are defined in a
probability transition matrix, such as the one shown in Figure 8.6. In this example,
taken from the Washington State Department of Transportation’s work in the early
1970s, the probability states are based on two-year intervals. The matrix shows, for
example, that when a pavement isin condition state 9 (a condition rating of 90 to 100),
thereis a 90 percent chance that it will remain in condition state 9 after two yearsand a
10 percent chance that it will move down to a condition state of 8 (condition rating of
80t090). Thereisazero percent chance that the condition rating will be in any other
condition state. Although not shown in this example, there can be some states known
as holding or trapped states (12). Pavements in these states can not transition from
these states unless some type of repair action is performed.
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The Markovian process assumes that the transition process is stationary. In other
words, the probability of changing from one condition state to another is independent
of time. Thisassumption is not likely to be accepted for pavement performance
because it implies that changes in climate or traffic do not affect the transition
probabilities (i.e., the rate of deterioration). A technique which nearly eliminates this
problem has been introduced by incorporating the use of zones representing different
periods of time (21). With this technique, the zones each